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ABSTRACT 
Over the last century, savannas throughout the world have been encroached by woody 
plants, altering over- and understory plant composition and distributions of understory 
resources.  This dissertation investigates woody encroachment removal from Midwestern oak 
savannas, using a large-scale restoration experiment in Iowa.  Four sites received a woody 
encroachment removal treatment (restoration) and four sites were retained as encroached 
controls.  Chapter two details impacts on woody plant regeneration dynamics.  Encroachment 
removal restored savanna canopy structure and overstory dominance by Querucs (oak) 
species; however, advanced regeneration was dominated by encroaching species within three 
years.  I suggest that the encroached savannas represent an alternative stable state and that 
further management actions, potentially involving prescribed fire, will be necessary to 
maintain the savanna state.   
Chapter three investigates spatiotemporal effects of encroachment removal on 
understory biodiversity.  Restoration sites had increased α (within sample) Simpson’s 
diversity and α and γ (site-level) species richness relative to control sites, while γ and β 
(among-sample) Simpson’s diversity, β richness, and α species evenness were not affected.  
These changes were driven by widespread establishment of new species at the site-level 
(notably graminoids) and within-site proliferation of pre-existing species (predominantly 
graminoids and woody species).  I highlight the utility of restoration experiments, like this 
one, for conducting research on multi-scale processes, such as species diversity. 
Chapter four assesses development of understory resource and vegetation gradients.  I 
found that encroachment removal restored light and soil moisture gradients and that these 
gradients were important for structuring post-restoration plant communities.  The savannas in 
 vi
this study appear to be remarkably resilient to degradation, as important biophysical 
gradients were reestablished within years of restoration, even after decades of encroachment.  
These results are encouraging for future restoration at these sites and for woody 
encroachment removal efforts elsewhere. 
Chapter five determines impacts of encroachment removal on patterns of Quercus 
alba (overstory dominant tree species) seedling success.  Seedlings had greater survival and 
growth parameters in treatment sites, with generally better performance at further distances 
from trees.  Thus, the mesic savannas in this study appear inherently unstable, as seedling 
recruitment is promoted in inter-canopy gaps.  These results further support chapter two’s 
conclusion that the encroached savannas represent an alternative stable state. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Savannas occupy nearly one-third of the terrestrial globe and are socioeconomically 
important as grazing lands (Scholes and Archer 1997).  Savannas are defined by scattered or 
clustered overstory trees, which produce spatially variable resource levels for a continuous 
herbaceous understory plant layer (Scholes and Archer 1997).  Canopy trees intercept 
precipitation and solar radiation and alter soil biogeochemistry, resulting in modified 
microenvironments under trees, relative to inter-canopy areas (Breshears 2006).  This results 
in different plant communities beneath savanna trees, relative to inter-canopy areas (e.g., 
Belsky et al. 1989, Ko and Reich 1993, Ludwig et al. 2004), leading to high levels of 
understory plant community turnover (Belsky et al. 1989, Belsky et al. 1993, Leach and 
Givnish 1999, Meisel et al. 2002) and greater site-level species richness in savannas, relative 
to similar grassland or woodland systems (Leach and Givnish 1999).  Thus, trees are key 
structuring agents in savannas and important for regulating biodiversity. 
However, over the last century many savanna ecosystems have been encroached by 
woody species due to a combination of fire suppression, altered grazing pressures, and 
climate change (Archer et al. 1988, Abrams 1992, Scholes and Archer 1997, Bustamante et 
al. 2006).  This has increased overstory tree densities and canopy cover and altered canopy 
composition (Archer 1990, Abrams 1992).  Furthermore, encroachment may disrupt 
understory resource and vegetation patterns (Scholes and Archer 1997, Breshears 2006), 
leading to alterations in understory flora (Cottam 1949, Curtis 1959, Anderson et al. 2000).  
To reverse woody encroachment, restoration by removal of encroaching woody plants has 
taken place in numerous savanna ecosystems (Scholes and Archer 1997).  Understanding the 
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consequences of these efforts on the interplay between over- and understory vegetation and 
the distribution of understory resources will be important for evaluating restoration success 
(Breshears 2006). 
In North America, Midwestern oak savannas occupied 10 – 13 M ha prior to Euro-
American settlement, as an ecotone between western prairie grasslands and eastern deciduous 
forests (Nuzzo 1986).  Midwestern oak savannas are defined by a scattered oak overstory and 
a continuous herbaceous understory that is maintained by frequent understory fires, 
herbivores, and drought (Nuzzo 1986).  Due to fluctuations in climate and human activity, 
the size and position of the Midwestern oak savanna ecotone has varied during the last 
10,000 years (Clark et al. 2001).  Thus, Midwestern oak savannas are interesting for studying 
woody encroachment and removal, as this has occurred historically through range expansion 
and contraction.  Today, Midwestern oak savannas are largely either converted to agriculture 
or degraded by woody encroachment (Nuzzo 1986).  Less than 1% remains intact and non-
encroached, making Midwestern oak savannas a priority for conservation and restoration 
(Nuzzo 1986).  Efforts to restore encroached remnants generally operate at the stand scale 
(multiple ha) and first involve mechanical removal of encroachment, followed later by 
prescribed understory fires (Packard 1993). 
 
Dissertation organization 
This dissertation is part of a large-scale and long-term restoration experiment with 
Midwestern oak savannas, using replicated treatment (restored) and control (woody 
encroached) savanna remnants near Des Moines, IA (Asbjornsen et al. 2005).  I report on the 
effects of removing woody encroachment from the treatment remnants, which is the first 
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stage of restoration.  The dissertation is organized into six chapters.  The first chapter is a 
general introduction, which provides background for the remaining chapters and describes 
the aims of the research.  Chapters two through five are the main research chapters.  Each of 
these represents a separate study, prepared for submission to a peer-reviewed journal.  The 
final chapter is a summary and synthesis of the major research findings. 
Chapter 2, “Stand structure, composition, and regeneration dynamics following 
removal of encroaching woody vegetation from Midwestern oak savannas,” has been 
accepted for publication in the journal Forest Ecology and Management.  Although woody 
plant removal may rapidly restore overstory structure to encroached savannas (Asbjornsen et 
al. 2005), interpreting regeneration trajectories may help to elucidate longer-term 
implications of these efforts.  To do this, I quantified structure and species composition of the 
under-, mid-, and overstory before and for three subsequent years following removal of 
woody encroachment and compared these dynamics with encroached control sites.  I 
hypothesized that if encroachment removal was successful over the timescale of this study, 
Quercus (oak) species (the pre-settlement dominants) would be favored.  However, if 
encroached savannas represented an alternative stable state, removed encroaching vegetation 
would be replaced by more encroachment.   
Chapter 3, “Spatiotemporal impacts of Midwestern oak savanna restoration on 
understory biodiversity,” will be submitted to the journal Ecological Applications.  
Recovering lost biodiversity is a central concern during restoration (Clewell and Aronson 
2006) and it is important to assess changes in biodiversity across both space and time 
(Bestelmeyer et al. 2003).  This is an especially pertinent goal during Midwestern oak 
savanna restoration, as understory plant communities are unusually species diverse and 
  
4
 
spatially organized by scattered overstory trees (Leach and Givnish 1999).  To address this 
goal, I monitored permanent understory plots for one year before and three subsequent years 
following removal of woody encroachment and compared these dynamics with encroached 
control sites.  I then partitioned site-level (γ) species richness and diversity into within- (α) 
and among-plot (β) spatial components (Veech et al. 2002).  I hypothesized that restoration 
would increase γ richness and diversity via both α and β components as woody encroachment 
removal would restore mixed-light understory conditions (important for species turnover; β 
component; Leach and Givnish 1999) and would produce soil disturbances and increase 
overall understory resource levels (important for species establishment; α component; Huston 
1999). 
Chapter 4, “The removal of woody encroachment restores biophysical gradients in 
Midwestern oak savannas,” will be submitted to the journal Ecosystems.  Savannas are 
characterized by scattered overstory trees that produce spatially variable understory resource 
levels (Scholes and Archer 1997, Breshears 2006).  As these resource gradients are important 
for distributions of understory plants (Belsky et al. 1989, Ko and Reich 1993, Ludwig et al. 
2004) and overall levels of understory diversity in savannas (Leach and Givnish 1999), it is 
important to assess the effectiveness of woody encroachment removal at restoring 
characteristic patterns of understory resources and vegetation.  To do this, I established 
transects radiating from tree boles to inter-canopy areas in treatment and control savannas.  I 
monitored permanent understory plots along these transects during a four year 
chronosequence of time-since-restoration, spanning three field seasons, and quantified 
physical resources in plots during the final year of study.  If woody encroachment removal 
was successful at restoring characteristic resource and vegetation patterns, I hypothesized 
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that levels of light and soil moisture immediately after rain would increase with distance 
from trees, whereas levels of soil nutrients and soil moisture after drying events would 
decrease with distance from trees (Breshears 2006).  Similarly, if restoration was successful, 
I predicted that cover by understory vegetation would increase with distance from trees 
(Belsky 1994, Scholes and Archer 1997) and that plant community composition would be 
predicted by understory resource patterns (Belsky et al. 1989, Ko and Reich 1993, Ludwig et 
al. 2004). 
Chapter 5, “Dynamics and determinants of Quercus alba seedling success during 
Midwestern oak savanna restoration,” will be submitted to the journal Ecological 
Applications.  Savannas are defined by a scattered tree layer (Scholes and Archer 1997), 
making it important to understand regeneration dynamics of dominant overstory savanna tree 
species during restoration.  To understand patterns of seedling success during restoration, I 
monitored transplanted Quercus alba (dominant overstory species) seedlings, for three 
growing seasons, along transects radiating from tree boles to inter-canopy areas in treatment 
and control savannas.  I also correlated seedling survival and growth parameters with 
microenvironment conditions to understand how these parameters influenced seedling 
success in restored and woody encroached savannas.  If restoration was successful, I 
hypothesized that seedlings would survive and grow more vigorously in treatment sites.  
Furthermore, I hypothesized that seedlings in these mesic savanna remnants would perform 
better with increasing distances from trees (e.g., Borchert et al. 1989, Holmgren et al. 2000), 
as these areas would have reduced competition for light from the overstory (Weiner 1990). 
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 CHAPTER 2. STAND STRUCTURE, COMPOSITION, AND 
REGENERATION DYNAMICS FOLLOWING REMOVAL OF 
ENCROACHING WOODY VEGETATION FROM MIDWESTERN OAK 
SAVANNAS 
 
A paper accepted for publication in the journal Forest Ecology and Management 
Lars A. Brudvig1 and Heidi Asbjornsen 
Abstract 
Woody encroachment has altered oak savannas throughout much of the Midwestern United 
States.  To help understand restoration options, we assessed the impacts of mechanically 
removing encroaching mesophytic trees and shrubs on structure, composition, and 
regeneration dynamics in Quercus alba dominated oak savannas in Iowa (n = 4), relative to 
control sites (n = 4).  We monitored stand structure and species composition for the seedling, 
shrub, sapling, and overstory tree strata for one year prior to and three years following 
mechanical removal of encroaching woody vegetation.  There was no evidence for 
differences between treatment and control sites for any study variable prior to treatment 
implementation.  The removal treatment resulted in increased cover by understory vegetation 
and concomitant reductions in cover by leaf litter and bare ground.  Treatment altered 
overstory tree species composition (assessed by multi-response permutation procedure) in 
favor of oak species in all three years following removal, while shrub and sapling 
compositions were not statistically different from control sites until the third year following 
the removal treatment.  Seedling composition was unaffected by treatments.  We observed a 
recruitment pulse, with treated sites displaying increased density of shrubs two years after 
and saplings three years after removal of encroaching vegetation.  Advanced regeneration 
                                                          
1 Primary researcher and author 
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(saplings size class) was dominated by two species: Ostrya virginiana and Cornus racemosa, 
which we attribute to vigorous vegetative reestablishment by stump resprouting.  Seedlings 
of Quercus alba increased in density throughout the course of this study; however, Quercus 
alba shrub and sapling size classes were unaffected by treatment.  We suggest that the 
encroached savannas in this study represent an alternative stable state, whereby regeneration 
is dominated by encroaching species even shortly after removal treatments.  Continued 
research during future stages of restoration, which will include prescribed fire, may help to 
identify effective management options for controlling encroaching woody vegetation and 
promoting oak regeneration. 
 
Introduction 
Woody plant invasion and expansion are occurring in grasslands, savannas, and 
woodlands throughout North America (Archer et al., 1988; Archer, 1989; Abrams, 1992; 
Bowles and McBride, 1998; Nielson et al., 2003), due to a combination of fire suppression, 
altered grazing regimes, and climate change (Abrams, 1992; Scholes and Archer, 1997).  In 
oak (Quercus) ecosystems this has modified stand structure and species composition 
(Abrams, 1992).  For example, in eastern North America, fire suppression and selective 
logging have led to the expansion of native mesophytic tree species into historically oak 
dominated woodlands, resulting in altered overstory species composition, introduction of a 
dense mid-story layer, and limited oak regeneration over the last half century (Abrams, 1992, 
2003). 
Although oak savannas are relatively less well understood than oak woodlands and 
forests, woody encroachment can lead to conversion of oak savannas into woodlands, 
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representing a major compositional and structural modification (Bowles and McBride, 1998; 
Anderson, 2000; Nielson, 2000).  Research from various North American savanna 
ecosystems suggests that woody encroachment reduces system productivity (Hennessy et al., 
1983) and biodiversity (Archer, 1995), and alters understory species composition (Anderson 
et al., 2000; Nielson et al., 2003), making it important to understand options for reducing or 
ameliorating encroachment in oak savannas. 
Unfortunately, little is known about restoring areas that have been encroached by 
woody vegetation.  Some past work in oak woodlands and savannas has focused on 
reinstating understory fire regimes, with the goal of reducing woody encroachment through 
direct stem mortality (e.g., Anderson et al., 2000; Blake and Schuette, 2000; Franklin et al., 
2003; Neilsen et al., 2003; Hutchinson et al., 2005).  However, encroaching species have 
frequently been resilient to prescribed fires (Anderson et al., 2000; Franklin et al., 2003; 
Hutchinson et al., 2005; Albrecht and McCarthy, 2006), suggesting that reinstatement of this 
process alone might be ineffective in some situations (Nielsen et al., 2003).  Potentially, these 
encroached ecosystems represent alternative stable states (Beisner et al., 2003), which may 
require thresholds, like understory fuel availability, to be surpassed before reintroduction of 
processes can be effective restoration measures (Suding et al., 2004).   
Another option for restoring ecosystems degraded by woody encroachment is active 
removal of encroaching species.  This approach might be successful in situations where 
encroachment has resulted in major structural alterations, such as canopy closure or 
development of midstory vegetation, which might inhibit the reestablishment of historic fire 
regimes (Sarr et al., 2004).  Although active removal of encroaching woody vegetation has 
produced preliminary success in some conifer and aspen systems (Moore et al., 1999; 
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Provencher et al., 2000; Jones et al., 2005), it is not known whether removing encroaching 
vegetation will restore historic regeneration dynamics (Allen et al., 2002).  More research is 
needed, especially in understudied ecosystems such as oak savannas.  
In this study, we used a series of experimental Midwestern oak savannas to evaluate 
the effects of mechanically removing encroaching mesophytic trees and large shrubs on 
woody species structure, composition, and regeneration.  We quantified structure and species 
composition of the under-, mid-, and overstory before and for three subsequent years 
following removal of woody encroachment and compared these dynamics with encroached 
control sites.  Furthermore, we investigated regeneration dynamics to determine whether 
removal of encroaching vegetation alters successional trajectory.  If encroached savannas 
represent an alternative stable state, removed encroaching vegetation would be replaced by 
more encroachment by mesophytic species.  Conversely, if treatments are successful over the 
timescale of this study, there should be little recruitment or recruitment by oak species, the 
pre-encroachment dominants (Karnitz and Asbjornsen, 2006).  The results of this study will 
be valuable to land managers seeking to restore Midwestern oak savannas and will enhance 
fundamental knowledge of how ecosystems respond to woody encroachment removal. 
 
Methods 
Study system 
Midwestern oak savannas historically formed the fire-maintained forest/prairie 
transition zone of North America (Nuzzo, 1986).  These ecosystems are defined by a sparse 
oak overstory, which is encroached by mesophytic trees and shrubs within decades of fire 
suppression, and a dense herbaceous understory (Cottam, 1949; Curtis, 1959; Anderson, 
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1998).  Less than 1% of Midwestern oak savannas remain intact and unencroached (Nuzzo, 
1986); however, an unknown amount exists in an altered state degraded by woody 
encroachment.  Efforts to restore heavily encroached savannas generally involve mechanical 
removal of encroaching trees, followed by prescribed understory fires (Packard, 1993; 
Neilson et al., 2003). 
 
Study area 
We located eight savanna remnants (sites) along the western shore of Saylorville 
Lake (41º 76’N, 93 º 82’W), a reservoir on the Des Moines River, near Des Moines, Iowa, 
USA.  These sites ranged in size from 1.5 – 3.3 ha (Table 1) and were located on east/west 
oriented upland ridges, which are divided by valleys created by ephemeral streams.  The 
predominant soil series at these sites are the Hayden (Fine-loamy, mixed, superactive, mesic 
Glossic Hapludalf; developed under oak/hickory forest) and Lester (Fine-loamy, mixed 
superactive, mesic Mollic Hapludalf; developed under oak savanna; United States 
Department of Agriculture, 2007).  Mean annual temperature, precipitation, and frost-free 
days for the city of Des Moines are 10 ºC, 882 mm, and 133 (National Oceanic and 
Atmospheric Administration, 2007).  None of these sites have been plowed, but the 
landscape has a history of domestic grazing and has remained unmanaged since it was 
purchased by the U.S. Army Corps of Engineers, between 1965-1975 (Karnitz and 
Asbjornsen, 2006).  Following Army Corps acquisition and removal of livestock, these sites 
were encroached by mesophytic trees (e.g., Ostrya virginiana, Fraxinus americana, Ulmus 
americana, Ulmus rubra; Karnitz and Asbjornsen, 2006).  Pre-treatment canopy cover values 
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ranged from 84 – 89% for control sites and 85 – 87% for treatment sites (assessed by 
hemispherical photographs; Table 1). 
 
Encroaching woody vegetation removal 
We removed encroaching woody vegetation from four of the eight study sites 
(restoration treatment), while the other four sites remained as unmanipulated controls.  
Restoration involved the removal of all non-oak stems > 150 cm height, except at one site 
where we retained nut bearing species (i.e., oak, hickory, and walnut; see Asbjornsen et al., 
2005; Brudvig and Asbjornsen, 2005).  Encroaching trees and shrubs were cut by chain saws 
and burned in off-site slash piles by hand crews.  The restoration treatment reduced basal 
area by 8.5 – 18.7 m²/ha (Table 1).  Post-treatment canopy cover values ranged from 85 – 92 
% for control sites and 8-52% for treatment sites (assessed by hemispherical photographs; 
Table 1).  Canopy cover values for treated sites fall roughly within the range of published 
definitions for Midwestern oak savannas (10–50%: Curtis, 1959; 10–30%: Packard, 1993).  
Due to the amount of time needed to conduct these restorations (1-2 months/site) and the 
necessity for performing treatments during the winter to minimize soil impacts, we 
conducted the restoration treatment on two sites during the winter of 2002-2003, and on the 
remaining two sites during the winter of 2003-2004 (Table 1).  Although this resulted in two 
different study periods (see below), it may have made our study more robust by minimizing 
the influence of year effects (and thus increasing the importance of treatment effects). 
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Vegetation sampling 
We used one nested belt transect/site to monitor species composition and densities of 
overstory trees, saplings, shrubs, and seedlings in the year before and for three years 
following treatments (Table 1).  For four sites, the sampling period was 2002 – 2005 and for 
the remaining four sites we sampled from 2003 – 2006.  Transects ran the length of each 
study area and ranged in size from 100 – 200 m, due to differences in the sizes of the eight 
savanna remnants (Table 1).   
We sampled trees, defined as any living stem of at least 150 cm in height and 5 cm 
diameter at breast height (dbh; measured at 1.3 m), within a 10 m wide transect.  We 
recorded species and dbh for all trees with base at least fifty percent within the transect.  We 
sampled saplings in a 4 m wide transect, parallel to and centered on the middle of the tree 
transect.  We recorded the species of each sapling, defined as any live woody stem taller than 
1.5 m but less than 5 cm dbh.  We sampled shrubs, defined as any woody plant stem, 
excluding vines, of at least 50 cm, but less than 150 cm in height, every 10 m in 3 m² plots, 
along the center of the tree transect.  We tallied and recorded species for all shrubs with base 
originating from within the plot.  For shrubs with multiple stems, we counted only the tallest 
stem.  We recorded species for all seedlings, defined as woody stems less than 50 cm in 
height, in 1 m x 1 m plots, located every 10 m along the tree transect, at the transect center 
point.  Seedling plots were also sampled for percent cover by understory vegetation (< 50 cm 
in height), leaf litter, bare ground, and down woody material (DWM). 
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Data analysis 
We used a three-tiered analysis to interpret impacts of removing encroaching woody 
vegetation on structure, composition, and regeneration dynamics in encroached and treated 
savanna remnants over the four year period of study.  First, to understand structural changes, 
we used repeated measures analyses of variance (PROC GLM; SAS 2002), with site (n = 4) 
as the independent variable and year (n = 4) as the repeated effect.  Dependent variables were 
the following mean values per site: percent ground cover by vegetation, leaf litter, bare 
ground, and DWM (assessed in 1 x 1 m understory plots; see above), and total densities of 
the four vegetation size classes (individuals/ha).  All dependent variables were log 
transformed prior to analysis, to normalize the residuals.  No pre-treatment differences 
existed between treatment and control sites for any of the dependent variables (maximum t = 
3.40, p = 0.1149; shrubs), so we considered impacts of the treatment significant at α < 0.05 
for the year*treatment interaction.  To investigate how the removal treatment altered 
overstory trees of varying diameters, we used paired t-tests (treatment vs. control sites) to 
compare tree densities in 10 cm intervals before and after treatment.  Second, we used multi-
response permutation procedure (MRPP; McCune and Mefford, 1995) to test for changes in 
composition between treatment and control areas.  MRPP is a nonparametric test of the null 
hypothesis that no difference exists between predefined groups (McCune and Grace, 2002).  
We defined groups as treatment and control, ran MRPP for each size class (seedling, shrub, 
sapling, tree) and each year of the study, and considered treatment effects significant at α < 
0.05.  The response variable was density of each occurring species (individuals/ha for 
seedling, shrub, sapling, and tree size classes).  We used Sørensen distance as the MRPP 
distance measure to avoid the influence of outliers (McCune and Grace 2002), since the 
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woody vegetation removal treatment altered species composition and densities relative to 
control sites.  Third, we investigated changes in individual species using repeated measures 
analyses of variance (PROC GLM; SAS 2002), with site (n = 4) as the independent variable 
and year (n = 4) as the repeated effect.  Due to highly variable data sets including numerous 
zeros, the dependent variables were ranked densities (mean values per site) for the five most 
common species, plus Quercus alba (regardless of rank), in the seedling, shrub, and sapling 
size classes during each year of the study.  We excluded trees from this analysis since there 
was little change in this stratum in years following treatment, which was selective to retain 
oaks (see above).  Pre-treatment overstory tree composition is described in detail by Karnitz 
and Asbjornsen (2006). 
  
Results 
Structure 
Relative to control sites, removal of encroaching woody vegetation increased percent 
cover by understory vegetation (year*treatment F3, 18 = 4.39, p = 0.0174; Fig. 1a) and 
decreased cover by leaf litter (year*treatment F3, 18 = 4.56, p = 0.0152; Fig. 1b) and bare 
ground (year*treatment F3, 18 = 4.86, p = 0.012; Fig. 1c).  There was no evidence for an 
impact on cover by DWM (year*treatment F3, 18 = 2.02, p = 0.1468; Fig. 1d).  Vegetation and 
leaf litter showed moderate changes one year following treatment, but transitioned 
dramatically in year two and retained these new levels three years following treatment (Figs. 
1a, b).  Conversely, bare ground decreased linearly throughout the three years following the 
restoration treatment (Fig. 1c). 
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Over the course of the study, we found no evidence that seedling densities differed 
between treatment and control sites (year*treatment F3, 18 = 1.07, p = 0.3881; Fig. 2a).  The 
restoration treatment altered shrub densities (year*treatment F3, 18 = 6.35, p = 0.004; Fig. 2b), 
particularly in the second year after treatment, when densities were markedly increased in 
treatment sites.  The restoration treatment initially reduced sapling densities (year*treatment 
F3, 18 = 18.41, p < 0.0001; Fig. 2c); however, saplings returned to pre-treatment levels within 
three years (Fig. 2c).  Tree densities were reduced by treatment and remained at new levels 
for the duration of the study (year*treatment F3, 18 = 98.72, p < 0.0001; Fig. 2d).   
 No differences existed between treatment and control sites for any of the 10 cm tree size 
class intervals prior to treatment (all p-values > 0.17; Fig. 3).  Tree removal reduced stem 
densities for smaller size classes (5 – 10 cm: t = 20.47, p < 0.0001; 10 – 20 cm: t = 2.91, p = 
0.0269; 20 – 30 cm: t = 3.06, p = 0.0222; 30 – 40 cm: t = 1.97, p = 0.0965); however, little or 
no change occurred for size classes > 40 cm (40 – 50 cm t = 1.00, p = 0.3559; 50 – 60 cm: t = 
1.66, p = 0.1482; 60 – 70 cm: no change; > 70 cm: no change; Fig. 3).  Tree size class 
distributions at control sites remained relatively unaltered following treatment, with minor 
changes occurring due to low levels of recruitment and/or mortality (Fig. 3). 
 
Composition 
No pre-treatment differences existed in species composition for seedling (MRPP; A = 
-0.0036, p ≈ 0.51), shrub (A = 0.0014, p ≈ 0.43), sapling (A = 0.054, p ≈ 0.099), or tree size 
classes (A = 0.011, p ≈ 0.34).  Following the restoration treatment, we found no differences 
in any years for seedlings (year 1: A = -0.0097, p ≈ 0.53; year 2: A = -0.012, p ≈ 0.46; A = -
0.043, p ≈ 0.79).  Shrub composition remained unaffected for one year following treatment 
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and then differed in years two and three (year 1: A = 0.077, p ≈ 0.08; year 2: A = 0.16, p ≈ 
0.023; A = 0.18, p ≈ 0.013).  Sapling composition did not differ in years one and two 
following treatment; however, there was some evidence for a difference in year three (year 1: 
A = 0.021, p ≈ 0.19; year 2: A = 0.051, p ≈ 0.08; A = 0.066, p ≈ 0.068).  Tree composition 
differed between treatment and control sites during all years following treatment (year 1: A = 
0.15, p ≈ 0.0094; year 2: A = 0.19, p ≈ 0.0071; A = 0.18, p ≈ 0.0064). 
 
Regeneration dynamics 
None of the common species in the seedling size class were significantly affected by 
the restoration treatment (all p-values > 0.18).  However, seedlings in treatment sites 
displayed one of three general trends, relative to seedlings in control sites: (1) no response 
(e.g., Ostrya virginiana, Fraxinus americana; Fig. 4), (2) an increase in abundance one year 
after treatment, followed by a return to pre-treatment levels in years two and three (e.g., 
Ulmus americana, Prunus serotina, Ulmus rubra; Fig. 4), and (3) a gradual increase in 
abundance during the three years of study following the restoration treatment (e.g., Quercus 
alba; Fig. 4). 
None of the common species in the shrub size class were significantly affected by the 
restoration treatment (all p-values > 0.16).  However, shrubs displayed one of three general 
trends following encroachment removal: (1) no response (e.g., Fraxinus americana, Ribes 
missouriense, Quercus alba; Fig. 5), (2) an increase in abundance two years after treatment, 
followed by a return to pre-treatment levels in year three (e.g., Cornus racemosa, Ostrya 
virginiana; Fig. 5), and (3) a gradual increase in abundance during the three years of study 
following treatment (e.g., Symphoricarpos orbiculatus; Fig. 5). 
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The restoration treatment significantly impacted sapling densities of Ostrya 
virginiana (year*treatment F3, 18 = 9.67, p = 0.0005), Cornus racemosa (year*treatment F3, 18 
= 6.29, p = 0.0042), and Fraxinus americana (year*treatment F3, 18 = 3.42, p = 0.0395), with 
each species displaying a decrease in abundance one year after treatment, followed by a 
return to pre-treatment levels by year three (Fig. 6).  In addition, saplings displayed one of 
two general trends following encroachment removal: (1) no response (e.g., Quercus alba; 
Fig. 6), or (2) sustained declines over the course of the study (e.g., Acer nigrum, Carya 
ovata; Fig. 6). 
 
Discussion 
Structure and composition 
Our study of woody encroachment removal in oak savannas produced mixed results 
for structure and composition.  The treatments reduced overstory tree density, due to removal 
of trees in smaller size classes, and altered overstory tree composition in favor of Quercus 
spp.  However, initial alterations to the regenerating strata did not persist for the duration of 
this study.  Although sapling densities of encroaching species were reduced by the treatment, 
these returned to pre-treatment levels by the end of the study.  Shrub densities increased two 
years after restoration, before returning to pre-treatment levels (see 4.2 Regeneration 
dynamics).  Furthermore, regeneration was dominated by encroaching mesophytic species, 
while Quercus spp. recruitment was largely unaffected by restoration (see below).  Some of 
our results, such as alterations to shrub and sapling species composition were not apparent 
until 2-3 years after treatment implementation (see 4.2 Regeneration dynamics), underscoring 
the importance of long-term monitoring during savanna restoration (Magnuson, 1990).   
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In general, research with canopy thinning and prescribed fire in oak ecosystems has 
produced variable impacts on stand structure and composition.  Several studies have 
demonstrated sustained effects of prescribed fire and/or canopy thinning on understory 
structure and composition (Ward, 1992; Arthur et al., 1998; Blake and Schuette, 2000; 
Hutchinson et al. 2005), while others have found impacts, if any, to be short-lived (e.g., 
Franklin et al., 2003; Albrecht and McCarthy, 2006; Stan et al., 2006).  The relatively few 
studies that have found impacts of management treatments on overstory structure and 
composition have either employed long-term use of prescribed fire alone (e.g., Peterson and 
Reich, 2001) or mechanical tree removal followed by understory fires (Brose et al., 1999).  
The application of fire-alone may be followed by mortality of encroaching species only after 
a substantial time lag, whereas combined use of canopy thinning and fire may help to 
expedite this process.  Conversely, results from conifer-encroached systems suggest that 
mechanical removal-alone might effectively restore structure and composition (e.g., 
Provencher et al., 2000; Sarr et al., 2004; Jones et al., 2005). 
 
Regeneration dynamics 
Individual species responses to the restoration treatment were variable.  Although 
mechanical removal reduced shrubs and saplings for several invading species (e.g., Acer 
nigrum, Carya ovata), advanced regeneration (sapling size class) was characterized by 
reduction followed by vigorous reestablishment.  This was part of a recruitment pulse that 
proceeded through the shrub and sapling strata, with increased respective densities two and 
three years following removal of encroaching woody vegetation.  The species-level data 
reveal that this was driven by the common encroaching species Ostrya virginiana and 
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Cornus racemosa (and to a lesser extent, Fraxinus americana), whose responses to the 
treatments closely mirrored those of the shrub and sapling data.  This result helps to explain 
the delayed divergence in species composition in the shrub and sapling layers (two and three 
years after treatment, respectively).  While these two species reestablished, many other 
encroaching species did not, thus, altering community composition.  Similarly, Albrecht and 
McCarthy (2006) found that selective removal of invading Acer rubrum trees in southern 
Ohio oak forests had only temporary effects as A. rubrum returned to pre-treatment levels 
within four years of removal.  Stump resprouting, rather than establishment from seed, was 
the dominant means of advanced regeneration in our study.  Cornus racemosa seedlings were 
rare in all years and Ostrya virginiana seedlings did not increase in density until two years 
after treatments (presumably from a mast seeding event, as this pattern was present at all 
sites).  However, both species dramatically increased as shrubs two years after treatments and 
as saplings one year later.  Ostrya virginiana is a vigorous stump resprouter (Preston and 
Braham, 2002) and Cornus racemosa rapidly spreads in high-light environments via clonal 
growth (Boeken and Canham, 1995). 
Despite a trend of increased Quercus alba seedling densities following the restoration 
treatment, advanced regeneration was dominated by non-Quercus species.  This is contrary to 
Ward (1992), who found canopy thinning to be a useful technique for promoting oak 
regeneration in Connecticut oak woodlands.  Past work at our sites demonstrated that 
removal of encroaching vegetation produced positive growth of Quercus alba seedlings one 
year after treatment (Brudvig and Asbjornsen, 2005).  Our current findings, however, suggest 
that this might be insufficient when compared to the vigorously regenerating competing 
species (e.g., Cornus racemosa, Ostrya virginiana).  Competition by tall understory 
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vegetation, especially saplings of mesophytic tree species, can limit oak regeneration in 
Midwestern woodlands (Lorimer et al. 1994).  More research is needed to better elucidate the 
role of savanna restoration for promoting oak regeneration in light of the full regenerating 
community. 
 
Alternative stable states in oak savannas 
Our results support the existence of an alternative stable state in the oak savannas in 
this study, whereby stand trajectories continue toward canopy replacement by encroaching 
species despite removal efforts.  A similar result was found by Albrecht and McCarthy 
(2006) in Ohio oak woodlands, where tree removal and prescribed fire treatments were 
independently attempted.  In both cases, encroaching species reestablished, while Quercus 
species were unaffected.  Anderson et al. (2000) described an Illinois oak savanna resilient to 
management by prescribed fire after several decades of fire suppression.  They attributed this 
to reduced fire intensity following heavy establishment by Salix humilis.  In our study, 
sapling densities returned to pre-treatment levels within three years following the restoration 
treatment.  This stratum was dominated by encroaching species, while Quercus alba saplings 
were unaffected and represented only a minor component of the sapling stratum in all years 
except one year following restoration.  Although we found that changes in the tree stratum 
persisted throughout the duration of our study, rapid sapling recruitment suggests that tree 
densities will return to pre-treatment levels within several decades.  The overstory will 
eventually be dominated by non-Quercus species.  Thus, site trajectories appear to be 
directed toward reestablishment of a dense canopy layer, rather than persistence of the 
desired open-canopy condition (Asbjornsen et al., 2005).   
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In terms provided by Frelich and Reich’s (1998) boreal forest models, our savanna 
sites may be explained by the ‘discontinuous change’ model, if there is a threshold in 
disturbance intensity that must be surpassed before the system will convert from mesophytic 
woodland to oak savanna.  Alternatively, if these sites are better explained by the ‘continuous 
change’ model, this suggests that repeated disturbance will be necessary to maintain these 
sites as savanna, as the successional trend will always be toward the later-successional 
mesophytic woodland (Abrams, 1992).  However, choosing the correct model may be further 
complicated, as Frelich and Reich (1998) suggest that certain disturbances may be 
cumulative.  In our study, removal of 48 – 92% of the tree canopy did not alter the path of 
succession.  However, it is possible that repeated tree removal, or tree removal followed by 
prescribed fire, may additively represent a severe enough disturbance to surpass a threshold 
necessary to alter system trajectory away from closed canopy woodland and toward the 
desired broken canopy oak savanna state.  The topic of alternative stable states is well suited 
to work with restoration (Suding et al., 2004) and future study with savanna systems is 
warranted. 
 
Management implications 
  Although woody encroachment removal successfully accomplished some desirable 
management outcomes (Asbjornsen et al., 2005), such as promoting dense understory cover 
and reestablishing overstory structure and composition, we suggest that future research with 
prescribed fire will be necessary to identify long-term management options for controlling 
encroaching woody vegetation and promoting oak regeneration at these sites.  Although 
initial savanna encroachment can take several decades (Bowles and McBride, 1998; Karnitz 
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and Asbjrosen, 2006), this study demonstrates that reestablishment of encroachment 
vegetation following removal is quite rapid due to stump resprouting.  Mechanical removal 
and/or fire may have to be reimplemented frequently (e.g., < every 5 years) to effectively 
control encroaching woody vegetation.  Alternately, herbicide application following 
mechanical removal might be explored as a tool to reduce stump resprouting. 
In addition to overstory impacts, treatments influenced understory fuels in this study.  
Although the restoration treatment increased understory vegetation cover, which is desirable 
in savannas as this stratum represents an important fuel source (Asbjornsen et al., 2005), it 
decreased leaf litter, which also serves as fuel for understory fires.  The consequences of 
these changes for oak savanna fire regimes and resulting restoration implications warrant 
future study.  Development of understory vegetation (fuels) may represent an important 
threshold that must be surpassed during restoration before fires can become sufficiently 
intense to produce stem mortality in encroaching trees and shrubs (Nielsen et al., 2003).   
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Table 1.  Description of study sites before and after mechanical removal of encroaching 
woody vegetation.  
 
Site Size 
(ha) 
Dates of 
treatment 
Dates of 
vegetation 
sampling 
Study 
transect 
length 
(m)1 
First 
season 
basal 
area 
(m²/ha)2
Second 
season 
basal 
area 
(m²/ha)3, 
4 
First 
season 
canopy 
cover 
(%)2 
Second 
season 
canopy 
cover 
(%)3 
Restore 1 3.1 2002-03 2002-05 200 14.25 5.70 86.2 17.9 
Restore 2 2.5 2002-03 2002-05 200 20.80 2.15 85.8 8.4 
Restore 3 1.9 2003-04 2003-06 130 29.23 14.77 84.5 28.0 
Restore 4 3.1 2003-04 2003-06 100 37.10 27.75 86.8 51.8 
Control 1 2.1 N/A 2002-05 180 21.28 21.33 83.7 87.0 
Control 2 3.3 N/A 2002-05 200 16.65 16.65 86.9 93.8 
Control 3 1.5 N/A 2003-06 105 27.52 27.43 83.7 85.1 
Control 4 2.2 N/A 2003-06 100 24.00 24.00 88.8 91.9 
1 Trees, saplings, shrubs, and seedlings were sampled in one 10 m wide nested belt 
transect/site. 
2 Pre-treatment values for sites undergoing restoration. 
3 Post-treatment values for sites undergoing restoration. 
4 Note: All trees were censused in the second season; however, DBH was recorded for new 
trees only.
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Figure 1.  Cover by understory vegetation (a), leaf litter (b), bare ground (c), and down 
woody material (d) in oak savannas one year prior to and three years following removal of 
encroaching woody vegetation (thinning treatment; n = 4) and at control sites (n = 4).  Circles 
represent site means ± 1 SE.
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Figure 2.  Seedling (a), shrub (b), sapling (c), and tree densities (d) in oak savannas one year 
prior to and three years following removal of encroaching woody vegetation (thinning 
treatment; n = 4) and at control sites (n = 4).  Circles represent site means ± 1 SE.
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Figure 3.  Tree size classes in 10 cm intervals in oak savannas prior to and following removal 
of encroaching woody vegetation (thinning treatment; n = 4) and at control sites (n = 4).  
Bars represent site means ± 1 SE.  Note log scale on vertical axis.
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Figure 4.  Seedling (stem height < 50 cm) densities for common species and Quercus alba 
(overstory dominant) in oak savannas one year prior to and three years following removal of 
encroaching woody vegetation (thinning treatment; n = 4) and at control sites (n = 4).  Circles 
represent site means ± 1 SE.
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Figure 5.  Shrub (stem height 50-150 cm) densities for common species and Quercus alba 
(overstory dominant) in oak savannas one year prior to and three years following removal of 
encroaching woody vegetation (thinning treatment; n = 4) and at control sites (n = 4).  Circles 
represent site means ± 1 SE.
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Figure 6.  Sapling (stem height > 150 cm, DBH < 5 cm) densities for common species and 
Quercus alba (overstory dominant) in oak savannas one year prior to and three years 
following removal of encroaching woody vegetation (thinning treatment; n = 4) and at 
control sites (n = 4).  Circles represent site means ± 1 SE.
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CHAPTER 3. SPATIOTEMPORAL IMPACTS OF MIDWESTERN OAK 
SAVANNA RESTORATION ON UNDERSTORY BIODIVERSITY 
 
A paper to be submitted to the journal Ecological Applications 
Lars A. Brudvig 
Abstract 
Recovering biodiversity is a common goal during ecosystem restoration; however, for many 
ecosystems it is not well understood how restoration influences species diversity across space 
and time.  Midwestern oak savannas are among the most species diverse and commonly 
degraded ecosystems in Midwestern North America, making promotion of species diversity a 
central concern during restoration efforts.  Furthermore, restorations seek to reestablish 
mixed-light understory conditions, by removing encroaching woody vegetation, as this is 
thought to increase β (among sample) diversity, which in turn will maximize γ (site-level) 
species diversity.  However, this important spatial element has not been validated.  I 
examined how restoration influenced understory species diversity and composition in a 
replicated savanna restoration experiment over a four year time series in central Iowa, USA.  
Over the course of this study, restoration sites (woody encroachment removed; n = 4) had 
increased α (within sample) Simpson’s diversity and α and γ species richness relative to 
control (encroached) sites (n = 4), while γ and β Simpson’s diversity, β richness, and α 
species evenness were not affected.  These changes were driven by increased richness of 
graminoids at the α and γ scales and woody species (and some evidence for forbs) at the α 
scale.  Interestingly, Indicator Species Analysis revealed that at least some species from all 
functional groups were promoted by restoration, while no species were significant indicators 
of pre-treatment or control sites.  Restoration promoted exotic species at both scales, while 
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species with spring phenologies were unaffected.  These findings demonstrate that restoration 
resulted in widespread establishment of new species at the site-level (notably graminoids) as 
well as proliferation of existing species (primarily graminoids and woody species, with some 
evidence for forbs).  Woody encroachment removal may be a means to promote species 
establishment in savannas; however, it may also result in establishment and proliferation of 
both native and exotic species.  This study demonstrates the utility of restoration experiments 
for conducting research on multi-scale processes, such as species diversity.  Continued 
monitoring of these sites will be important for further understanding savanna ecology and 
restoration implications including establishment of species of interest and ecosystem-level 
changes.  In particular, future use of prescribed fire may produce further vegetation 
reorganization and prove critical for controlling woody encroachment. 
 
Introduction 
A common goal during ecosystem restoration is the recovery of lost biodiversity 
(Bakker et al. 2000, SER 2004, Clewell and Aronson 2006).  Such a motivation is necessarily 
wide-sweeping and encompasses spatial and temporal elements, ranging from local to 
regional scales and from individual organisms to entire ecosystems (Bestelmeyer et al. 2003).  
Since biodiversity is controlled by different factors at different spatial and temporal scales 
(Menge and Olson 1990, Huston 1999), restoration success should be assessed across time 
and space.  Repeated sampling, coupled with evaluation of diversity using α (within-sample), 
β (among sample), and γ (composite) spatial components (Veech et al. 2002) provides a 
framework for such assessments.  Unfortunately, when evaluated, restorations frequently fail 
to replicate the levels of biodiversity observed in reference sites.  For example, recent work 
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in North American prairies demonstrated that grasslands restored from agricultural fields are 
less species diverse than remnant (reference) prairies across all spatial scales (Martin et al. 
2005, Polley et al. 2005).  To improve restoration methodologies, replicated restoration 
experiments allow for statistical testing of management protocol; however, such efforts are 
rare (Holl et al. 2003).  Furthermore, restoration experiments provide unique opportunities to 
perform large-scale manipulations, in which ecological theories may be tested that improve 
our understanding of large- and multi-scale processes (Holl et al. 2003).  This is especially 
important for testing species diversity theory, as our understanding of how local and regional 
processes contribute to species diversity is based almost entirely on observational studies 
(Huston 1999). 
Species diversity can be additively partitioned into α, β, and γ spatial components 
(Lande 1996, Veech et al. 2002).  Although originally proposed to understand diversity at 
regional scales (Lande 1996), this is a flexible framework allowing for work at any scale, 
provided that γ is larger than α (Veech et al. 2002).  In this paper, I define α as diversity in 1 
m² plots, β as diversity among plots, and γ as restoration site-level diversity (multiple ha).  
By these definitions, species interactions take place at the α scale and promoting α diversity 
may be important for restoring ecosystem functions such as primary productivity and 
invasion resistance (e.g., Tilman et al. 2001, Kennedy et al. 2002).  β diversity is influenced 
by within-site habitat structure (Hewitt et al. 2005), making this a potential indicator of 
success, since structure is an important consideration during restoration (Bakker et al. 2000, 
SER 2004).  As defined in this paper, γ is the scale of the local species pool (Zobel et al. 
1998) and, frequently the scale at which management takes place (Bestelmeyer et al. 2003).  
Species restored to the site-level overcome significant dispersal limitations, which is critical 
  
41
during restoration of dispersal-limited ecosystems (Tilman 1997, Foster and Tilman 2003, 
Kirkman et al. 2004).  Restoration might influence γ diversity by altering α (via 
establishment opportunities provided by increased resources and/or disturbance; Huston 
1999) and/or β components (via altered habitat heterogeneity) and it is important to 
understand their relative influences.   
Diversity has two components – species richness, or the number of species, and 
species evenness, or their equitability (Magurran 2004).  Species richness is determined by 
local immigrations and extinctions, while evenness is also influenced by species interactions 
that drive dominance and rarity, such as competition (Wilsey and Stirling in press).  As 
described above, if restoration results in increased species establishment, diversity might 
increase via the richness component.  Alternately, if restoration primarily influences species 
interactions, diversity might be altered due to changes in the evenness component (Huston 
1999). 
In addition to species diversity metrics, it is important to consider species identities 
during land management and restoration (Bestelmeyer et al. 2003).  Restoration of functional 
groups may have impacts on numerous ecosystem processes, which are controlled by both 
functional group richness and identity (Tilman et al. 1997).  However, very few studies have 
explored the impact of restoration on functional group diversity at multiple spatial scales.  
Furthermore, restoration should promote native species (SER 2004) and in areas like the 
Midwestern United States with concerns about early-season nutrient runoff (Mitsch et al. 
2001), retention of species with spring phenologies is a pertinent restoration goal, as these 
species can act as nutrient sinks during this period (Muller and Bormann 1976).   Finally, it is 
important to evaluate the species-level impacts of restoration, in part because reestablishing 
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target species is a frequent goal (Bakker 2000), and also because important patterns may be 
missed when only species diversity or functional groups are evaluated (e.g., Brudvig et al. in 
press). 
Midwestern North American oak savannas represent an ideal system to investigate 
changes in biodiversity during experimental restoration.  Midwestern oak savannas are 
defined by a sparse, fire-maintained oak overstory and a continuous herbaceous understory 
(Anderson 1998), which is exceptionally species diverse, relative to Midwestern prairies and 
woodlands (Curtis 1959, Leach and Givnish 1999).  High diversity is thought to result from 
species turnover along resource gradients, including light, produced by scattered overstory 
trees (Leach and Givnish 1999, Meisel et al. 2002) and environmental factors may have 
varying effects on species richness at different spatial scales (Weiher and Howe 2003).  Thus, 
there is an important spatial component to Midwestern oak savanna understory diversity.  
Although once widespread (~10-13 M ha prior to Euro-American settlement), Midwestern 
oak savannas are now rare (< 1% of original range) due to agricultural conversion (Nuzzo 
1986).  Remaining remnants are commonly degraded by fire suppression and subsequent 
woody encroachment (Nuzzo 1986), which may alter understory flora (Cottam 1949, Curtis 
1959).  Efforts to restore encroached remnants generally operate at the stand scale (multiple 
ha) and first involve mechanical removal of encroachment, followed later by prescribed 
understory fires (Packard 1993).  During this process, reestablishing overstory structure may 
be critical to restoring the spatial structure of understory resources and biodiversity (Nielsen 
et al. 2003).  In other words, restoring overstory structure may increase β diversity and this 
may help to produce the high γ diversity of pristine Midwestern oak savannas.  However, this 
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has not been verified, making it important to assess savanna restoration success across spatial 
scales. 
In this paper, I use a replicated large-scale restoration experiment with Midwestern 
oak savannas to assess changes in understory biodiversity.  To do this, I pursue three main 
research questions: (1a) how does restoration impact species richness and diversity over time 
and across space?  As a corollary to question 1a, (1b) if restoration affects diversity at the 
local scale, are changes a result of altered richness and/or evenness components?  (2) How 
does restoration impact richness within-functional groups?  (3) What are the effects of 
restoration on individual species? 
 
Methods 
Study sites and restoration methodology 
This study was conducted within a replicated large-scale oak savanna restoration 
experiment near Des Moines, Iowa.  In 2002, eight degraded oak savanna study sites were 
identified along Saylorville Lake, a U.S. Army Corps of Engineers Reservoir (41º 76’N, 93 º 
82’W).  Sites ranged in size from 1.5 – 3.3 ha and were located on parallel, linear upland 
ridges, separated by stream valleys.  Soil at these sites have never been plowed and are a 
mosaic of Hayden (Fine-loamy, mixed, superactive, mesic Glossic Hapludalf; developed 
under oak/hickory forest) and Lester series (Fine-loamy, mixed superactive, mesic Mollic 
Hapludalf; developed under oak savanna; United States Department of Agriculture 2007).  
Mean annual temperature, precipitation, and frost-free days for the city of Des Moines are 10 
ºC, 882 mm, and 133 (National Oceanic and Atmospheric Administration 2007).  All sites 
were grazed by livestock until purchased by the U.S. Army Corps of Engineers between 1965 
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and 1975 (Karnitz and Asbjornsen 2006).  Following purchase, sites were unmanaged and 
sparse overstories dominated by Quercus alba were heavily encroached by mesophytic tree 
species (e.g., Ostrya virginiana, Fraxinus americana, and Ulmus sp.; Karnitz and Asbjornsen 
2006).   
To restore overstory structure and species composition to the pre-encroachment 
condition, all encroaching woody vegetation > 1.5 m height was cut by chainsaws and burned 
in offsite slash piles (restoration treatment; Asbjornsen et al. 2005).  Due to the necessity to 
conduct the restoration treatment during winter months (when soil disturbances are reduced) 
and the time required for its implementation (1 – 2 months/site) treatments were conducted at 
two sites during winter 2002-03 and at the remaining two treatment sites during winter 2003-
04.  The remaining four sites were retained as controls. 
Pre-treatment canopy cover values ranged from 84 – 89% at control sites and 86 – 
87% at treatment sites, while following the restoration treatment, canopy cover values ranged 
from 8-52% at treatment sites and 85 – 92% at control sites (assessed by hemispherical 
photographs; Brudvig and Asbjornsen in press).  Values at treatment sites now fall roughly 
within those published for Midwestern oak savannas (10–50%: Curtis 1959; 10–30%: 
Packard 1993).  Canopy cover standard deviations increased from 4.0 – 18.4 at treatment 
sites (control sites declined from 5.6 – 4.3), suggesting that restoration increased not only the 
amount of light reaching the understory, but also the variability of understory light 
microhabitats. 
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Data collection 
I used permanently marked 1 x 1 m plots to sample understory vegetation at the eight 
savanna sites.  Plots were located every 10 m along a 100 – 200 m linear transect that ran 
through the center of each site (n = 11 – 21 plots/site; transects varied in length due to 
differences in site sizes).  I sampled plots twice annually (early-May and late-June/early-
July) beginning the year before and for three subsequent years after the restoration treatment.  
For four sites, the sampling duration was 2002 – 2005 and for the remaining four sites the 
duration was 2003 - 2006 (see above; restoration methodology).  During each sampling 
period, I recorded percent covers for all species present in each plot (visually estimated to the 
nearest percent).  Two sampling periods per year were necessary to record species with both 
early and mid-season phenologies. 
 
Species diversity indices 
For each site and year of study, I assessed species evenness at the α level and species 
richness and Simpson’s diversity at the α, β, and γ  levels (Magurran 2004).  I used species 
occurrence and cover data from summer samples to calculate evenness and Simpson’s 
diversity and species occurrence data from spring and summer samples to calculate richness.  
In the instance that a species was present during both spring and summer sampling periods 
for a given plot, I counted it only once.  I defined α richness and Simpson’s diversity as mean 
values per 1 x 1 m plot and γ richness and diversity as restoration site-level values, by 
pooling plots together.  I partitioned γ richness and diversity into α and β components by the 
additive method, whereby γ = α + β (Lande 1996, Veech et al. 2002).  This framework allows 
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for direct comparison of α and β diversity and is useful for understanding patterns of species 
diversity at multiple spatial scales (Veech et al. 2002). 
 
Functional group classification 
For each site and year of study, I calculated richness of species within functional 
groups at the plot and site level for the following groups: graminoids (grasses, sedges, 
rushes), forbs, woody species (tree seedlings, shrubs, woody vines), and species with spring 
phenologies.  I also calculated the percentage of total species that were native at the plot and 
site levels. 
 
Statistical analyses 
To understand changes in species and functional group diversity due to restoration 
and over time, I used repeated measures analyses of variance (ANOVA; PROC GLM; SAS 
2002), with treatment (n = 2) and year (n = 4) as independent variables.  I tested the 
following dependent variables: species richness (α, β (proportion of γ), γ scales), Simpson’s 
diversity (α, β (proportion of γ), γ scales), species evenness (α scale); the percentage of 
species that were native (α and γ scales); and richness of graminoids, forbs, woody species, 
and species with early season phenology (each at α and γ scales).  All α- (plot-) level 
dependent variables were assessed as means/site (n = 4/treatment).  Treatment and control 
sites did not differ in any dependent variable before treatments were conducted (maximum t 
= 2.03, p = 0.0884; plot-level woody species richness).  I considered treatment effects 
significant over the course of the study at α < 0.05 for the treatment*year interaction.  
However, since replication of sites was limited by funding and logistics (as is the case in 
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most large-scale experiments; Carpenter 1990), I considered the biological importance of 
results with trends for significance (e.g., p < 0.15). 
To investigate impacts of restoration on species identity, I ran Indicator Species 
Analysis (ISA; McCune and Grace 2002) in PC-ORD (McCune and Mefford 1999).  ISA is a 
multivariate test that describes species associations with pre-defined units of study.  I defined 
units as the study sites, coded by treatment and the four years of study (32 units total) and ran 
ISA using the frequency of occurrence for the 75 species that were present in ≥ 10% of plots 
in any year-by-treatment.  I considered species to be significant indicators of a year-by-
treatment at p < 0.05 for 1000 Monte Carlo permutations. 
 
Results 
Species richness and diversity across spatial scales 
Over the course of this study, γ richness increased by 215% in treatment sites, which 
was significantly more than the 149% increase in control sites (treatment*year F3, 18 = 3.53, p 
= 0.0361; Fig. 1a).  Across all sites and years, the β component consistently explained three-
to-four times more of the γ richness than did α (Fig. 1a).  Over the course of the study, the 
overall levels of α and β richness increased more in treatment sites (α: 225%, β 210%) than 
control sites (α: 145%, β 150%).  However, due to the increase in γ richness with restoration, 
changes in the relative proportion of the β component were not different between treatments 
(treatment*year F3, 18 = 0.80, p = 0.5101; Fig. 1a). 
Over the course of the study, γ Simpson’s diversity increased by 250% in treatment 
sites, which was not different from the 224% increase in control sites (treatment*year F3, 18 = 
0.96, p = 0.4322; Fig. 1b).  In general, the amount of γ diversity explained by the β 
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component was similar to the amount explained by the α component (Fig. 1b).  β represented 
a low of 42.2% in pre-treatment control sites and a high of 53.7% in treatment sites 2 years 
following restoration (Fig. 1b).  Over the course of the study, overall levels of α and β 
diversity increased by similar magnitudes in control (α: 187%, β 274%) and treatment sites 
(α: 228%, β 275%) and changes in the relative proportion of the β component were not 
different between treatments (treatment*year F3, 18 = 0.08, p = 0.9711; Fig. 1a). 
 
Local diversity and components 
At the local scale, there was some evidence that Simpson’s diversity increased more 
in treatment (228%) than control sites (187%; treatment*year F3, 18 = 2.30, p = 0.1116; Fig. 
2a).  Species richness was strongly influenced by the restoration treatment (treatment*year 
F3, 18 = 5.78, p = 0.0060; Fig. 2b), as richness increased 225% in treatment sites, relative to 
145% in control sites.  Species evenness was unaffected by restoration (treatment*year (F3, 18 
= 0.80, p = 0.5101; Fig. 2c). 
 
Species composition 
The restoration treatment had varying effects on richness within functional groups at 
local and site-level scales (Fig. 3).  Relative to controls, richness of graminoids increased 
with restoration at both the site (treatment*year F3, 18 = 16.51, p < 0.0001) and plot-levels 
(treatment*year (F3, 18 = 5.77, p = 0.0060; Fig. 3a).  Treatment sites had an average addition 
of 9.0 graminoid species/site and 1.93 species/plot, compared to 1.5/species site and a 
reduction by 0.01 graminoid species/plot at control sites.  Forb species richness increased at 
both scales over the course of study in treatment (21.75 species/site, 4.87 species/plot) and 
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control sites (9.5 species/site, 1.90 species/plot), although, changes were not significantly 
different between treatment and control sites at either scale (site-level: treatment*year F3, 18 = 
1.79, p = 0.1851; plot-level: treatment*year F3, 18 = 2.58, p = 0.0852; Fig. 3b).  However, by 
the final year of study, plot-level forb richness was greater in treatment than control sites (t = 
2.79, p = 0.0317).  Relative to control sites, woody species richness increased with 
restoration at the plot-level (treatment*year F3, 18 = 8.06, p = 0.0013), but not at the site-level 
(treatment*year F3, 18 = 1.98, p = 0.1538; Fig. 3c).  In treatment sites, this corresponded with 
increases of 7.25 species/site and 3.14 species/plot, while in control sites, increases were 3.75 
species/site and 1.08 species/plot.  The restoration treatment did not alter the richness of 
species with spring phenologies, relative to control sites, at either scale (site-level: 
treatment*year F3, 18 = 0.67, p = 0.5786; plot-level: treatment*year F3, 18 = 0.20, p = 0.8965).  
Over the course of this study, treatment sites averaged 4.00 – 6.25 spring species/site and 
0.95 – 1.97 spring species/plot, while control sites averaged 4.00 – 7.00 spring species/site 
and 0.65 – 1.36 spring species/plot. 
Prior to restoration at treatment sites and at control sites in all years, richness was 
dominated by native species (site-level: 94 – 97%; plot-level: 97 – 99%); however, following 
restoration, the percentage of native species declined at both the site (treatment*year F3, 18 = 
4.90, p = 0.0116) and plot-level (treatment*year F3, 18 = 3.30, p = 0.0440; Fig. 4).  Changes 
were abrupt, with native species reduced to 89% for two years following treatment at the site-
level (corresponding to an average addition of 5.75 and 7.25 exotic species/site in post-
treatment years one and two, respectively) and 92 and 90% in years one and two following 
treatment at the plot level (corresponding with the average addition of 1.04 and 2.34 exotic 
species/plot in post-treatment years one and two, respectively).  There was a trend toward a 
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return to pre-treatment/control levels three years after the restoration treatment, with 
respective values of 91 and 95% at the site- and plot-levels. 
 
Indicator species analysis 
Twenty-five species were significant indicators of sites undergoing restoration (Table 
1).  Of these, one species was an indicator of sites one year following the restoration 
treatment, 10 species were indicators of sites two years after, and 14 species were indicators 
of sites three years after treatment.  In total, five graminoids, 12 forbs, and eight woody 
species were significant indicators of sites undergoing restoration.  Of these four were exotic 
species.  No species were significant indicators of control sites. 
 
Discussion 
Species diversity 
 In spite of being heralded as laboratories for testing large-scale processes, restoration 
efforts are rarely utilized for this purpose (Holl et al. 2003).  This study represents an 
experimental setting in which I tested multi-scale changes in species diversity and 
composition during restoration of savannas.  Restoration increased species richness at α and γ 
scales, suggesting that both species interactions (α-scale) and immigrations (γ-scale) were 
important in this study (Huston 1999).  At the α-scale, restoration may have produced 
microsites suitable for disturbance-adapted species to colonize (Hobbs and Huenneke 1992).  
Furthermore, restoration likely reduced competition by overstory trees on understory plants, 
an important asymmetric interaction in forested ecosystems (Weiner 1990).  Potentially, 
release from competition led to increased species richness after overstory removal (Huston 
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1990).  At the γ-scale, restoration increased the size of the species pool, potentially through 
dispersal from off-site and/or stimulation of the soil seed bank (Bakker et al. 1996, Zobel et 
al. 1998).  Theoretical work has shown the potential importance of dispersal from the 
regional species pool on local species coexistence and richness (Loreau and Mouquet 1999). 
Simpson’s diversity increased at the α-scale during restoration, which was due to the 
species richness component.  Despite evidence for local interactions promoting graminoids, 
forbs, and woody species, local-scale species evenness did not change during restoration, 
which is contrary to expectation since evenness is thought to be influenced by species 
interactions (Huston 1999).  Potentially, these interactions occurred at scales larger than the 1 
x 1 m at which I calculated species evenness, though still within the site-level scale.  Such 
meso-scale interactions might be a result of short distance dispersals (i.e., within site), 
vegetative growth, or stimulation of the soil seed bank (Bakker et al. 1996, Zobel et al. 
1998), followed by within-site proliferation of species present prior to restoration.  This 
might help to explain the dramatically increased α species richness observed in this study.  
This occurred, however, without altering local species evenness, a result found also for 
Midwestern prairies (Polley et al. 2005). 
Similarly to findings in Midwestern prairies (e.g., Martin et al. 2005, Polley et al. 
2005), I found that a majority of γ richness was explained by the β component, suggesting 
high levels of spatial variability within both treatment and control sites.  Many processes may 
operate at the among-plot scale and restoration efforts sometimes seek to recreate these.  For 
example, Fuhlendorf and Engle (2004) describe restoration of a shifting mosaic of habitat in 
prairies by use of prescribed fire and ungulate grazers.  During oak savanna restoration, the 
intention of recreating a patchy overstory is to increase the variability of understory micro-
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habitats (Packard 1993).  This was successfully accomplished at my research sites, as 
removing encroaching woody vegetation from degraded savannas increased the variability of 
light reaching the understory (assessed by hemispherical photographs).  However, this did 
not translate into an increase in the proportions of β diversity or richness.  There are several 
possible explanations for this finding.  It is possible that important resource gradients have 
not yet established in these savannas.  Past work has shown that savanna vegetation is 
organized across multiple environmental gradients, including light, soil texture and nutrients, 
and fire return interval (Leach and Givnish 1999, Meisel et al. 2002); however, Weiher 
(2003) found that a majority of variation in species richness was left unexplained by these 
physical factors in Wisconsin oak savannas, suggesting that critical drivers remain 
uninvestigated.  During restoration, some gradients that serve to organize vegetation may 
take more time and/or implementation of prescribed understory fire before they fully 
develop.  Alternately, the timeframe of my study may have been insufficient for vegetation to 
fully reorganize along environmental gradients.  In either of these cases, further long-term 
investigation in these savannas may help to elucidate vegetation development and contribute 
to β diversity theory.  Finally, this study is one of the first to investigate β diversity in 
savannas (see also Leach and Givnish 1999) and it is possible that savanna restoration simply 
does not increase the proportions of β diversity and richness, relative to encroached sites.  To 
test this possibility, comparison with non-encroached reference sites will be necessary. 
 
Species composition 
Analysis of functional groups revealed that richness of forbs and woody species 
increased at the local scale, but not at the site-level, suggesting that these changes occurred 
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due to proliferation of species that existed prior to restoration, rather than immigration of 
new species.  Conversely, graminoid richness increased at both scales, revealing both 
proliferation of preexisting species and establishment of new species.  Further, both ISA and 
examination of common species (Appendix) demonstrate that restoration promoted numerous 
species from all functional groups.  Many of these species were not present prior to 
restoration, suggesting novel establishments across functional groups (Appendix; Brudvig, 
unpublished data). 
Restoration promoted the establishment of exotics species at both the plot- and site-
levels.  This is not surprising, given that many invasive exotic species are favored by 
disturbed conditions (Sakai et al. 2001) and restoration represented a disturbance that 
promoted the establishment of many new species (native and exotic).  However, relative to 
native species, exotic species proliferation was short-lived, with the proportion of exotic 
species at both scales decreasing by three years following restoration.  Since local species 
richness and site-level species richness did not decline over this time period, this suggests 
that, over time, native species were displacing exotics as time past.  This result is promising 
for management; however, future restoration efforts will involve prescribed understory fire at 
these sites.  Determining whether or not this disturbance will also promote establishment of 
exotic species requires future study.  This question is coupled with the potential that 
increased species richness may confer invasion resistance to restored savannas (Kennedy et 
al. 2002).     
Indicator species analysis revealed that 25 species were indicators of restored sites 
(and more as time passed), while none were indicators of control sites.  This suggests two 
things.  First, savanna restoration promoted a novel set of species, compared to degraded 
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sites.  Second, this new set of species may have still been evolving at the end of this study.  
Each of these lend further support to the conclusion that γ richness is increasing via species 
establishment.  Most (84%) indicator species were native, closely mirroring the functional 
group results.  However, nearly half of indicator species were forbs, which was surprising 
given that there was only some evidence that this functional group was promoted by 
restoration.  This demonstrates that a number of forb species did respond positively to 
restoration and underscores the importance of examining species level data when evaluating 
management, as responses may be obscured if only broad life-form groups are evaluated 
(Brudvig et al. in press).  Further monitoring will be important during restoration for 
understanding which dispersal limited species will require active reintroduction (Brudvig and 
Mabry in press), particularly so that target species may be promoted (Bakker 2000, 
Bestelmeyer et al. 2003). 
 
Restoration implications 
My findings build upon past work in Midwestern oak savannas, which demonstrated 
dispersal limitation at the local scale (Tilman 1997, Foster and Tilman 2003).  In these 
studies, the addition of seeds increased local-scale species richness for up to eight years.  In 
my study, the species pool dramatically increased without anthropogenic seed additions, 
suggesting widespread establishment limitation, rather than dispersal limitation.  Potentially, 
dispersal dynamics differ between degraded (this study) and intact savannas (Tilman 1997, 
Foster and Tilman 2003).  Furthermore, restoration appears to be a means of overcoming 
establishment limitation in degraded remnants.  Although less productive sites are generally 
more dispersal limited, even highly productive sites can maintain high species richness if 
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frequently disturbed (Foster 2001).  Restoration studies, like this one, present interesting 
opportunities to examine community assembly following disturbance (Temperton et al. 2004) 
and may help to understand how dispersal and establishment influence local species richness.  
Future work might investigate, potentially through life-history analysis, why certain species 
are favored by restoration and the importance of disturbance associated with restoration 
(cutting trees with chain saws, dragging slash, foot traffic) and changes in resource 
availability due to canopy removal (e.g., light). 
Although restoration promoted virtually every aspect of understory diversity that I 
investigated, this was coupled with a reduced overstory diversity and cover (Brudvig and 
Asbjornsen in press).  Such dramatic shifts in ecosystem state are often the goal of 
restoration (Suding et al. 2004) and are fertile grounds for study (Holl et al. 2003).  For 
example, preliminary work suggests that savanna restoration may alter site hydrology 
(Asbjornsen et al., in press); however, many additional processes remain uninvestigated.  
Removal of overstory trees likely reduced site carbon pools; however, this was followed by 
rapid understory establishment (Brudvig and Asbjornsen in press) and the resulting final site 
carbon dynamics are unknown.  Also unknown are sites’ abilities to reduce nutrient losses 
via runoff.  In this study, I found that restoration did not reduce richness of species with 
spring phenologies at the local or site-scales, suggesting that degraded and restored savannas 
may function similarly with regard to springtime nutrient capture (Muller and Bormann 
1976).  However, graminoid proliferation following restoration suggests that nutrient uptake 
may differ later in the growing season.  The full significance of this should be investigated, if 
savannas are to be restored to their historically prominent landscape position along 
waterways in the Midwest (Anderson 1998).  Finally, restoration altered understory fuel 
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composition (Brudvig and Asbjornsen in press), which may have resulting implications on 
later stages of savanna restoration that involve prescribed fire. 
Pristine savannas are exceptionally species diverse and dominated by native forbs and 
graminoids (Leach and Givnish 1999, Meisel 2002).  Thus, the increases in graminoid and 
forb species during this study were promising for restoration of savanna understories.  
However, the increase in woody species is less promising, as this suggests that these 
savannas may be reverting back toward the pre-restoration (encroached) state.  
Reimplementation of prescribed fire at these sites may be critical for controlling woody 
encroachment (Brudvig and Asbjornsen in press); however, this may be a tedious process 
requiring as much as several decades of prescribed fires before woody encroachment can be 
checked (Anderson et al. 2000, Nielsen et al. 2003).  
A final direction for future work would be to investigate how changes in species 
diversity and composition during restoration compare with values from pristine remnants, as 
this is a common means for evaluating restoration success (SER 2004).  This is complicated 
in the Midwestern landscape, however, as pristine oak savanna remnants are extremely rare 
due to agricultural conversion and fire suppression (Nuzzo 1986).  This suggests that 
references for success may have to come from non-traditional sources.  Ecological studies, 
like this one, during restoration of degraded remnants may provide an important source of 
reference information and help to guide future restoration efforts (Asbjornsen et al. 2005). 
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Table 1.  Species identified as indicators of sites undergoing restoration, from Indicator 
Species Analysis.  No species were significant indicators of pre-treatment sites or control 
sites in any year. 
 
Years post-
treatment 
Species Life-form1 Native/ 
Exotic 
Frequency of 
occurrence 
One     
 Laportea canadensis P-Forb Native 14.3 
Two     
 Carex amphibola turgida Sedge Native 57.1 
 Carex jamesii Sedge Native 41.4 
 Conyza canadensis A-Forb Native 47.1 
 Erigeron strigosus P-Forb Native 55.7 
 Hackelia virginiana P-Forb Native 51.4 
 Oxalis stricta P-Forb Native 35.7 
 Potentilla simplex P-Forb Native 24.3 
 Sonchus oleraceus A-Forb Exotic 10.0 
 Trifolium repens P-Forb Exotic 57.1 
 Verbascum thapsus B-Forb Exotic 31.4 
Three     
 Carex gravida Sedge Native 54.3 
 Celtis occidentalis Tree Native 27.1 
 Cornus racemosa Shrub Native 58.6 
 Dactylis glomerata P-Grass Exotic 15.7 
 Galium trifolium P-Forb Native 38.6 
 Gleditsia triacanthos Tree Native 15.7 
 Juncus tenuis Rush Native 25.7 
 Morus rubra Tree Native 12.9 
 Rubus occidentalis Shrub Native 32.9 
 Solidago canadensis P-Forb Native 34.3 
 Symphorocarpus 
orbiculatus 
Shrub Native 62.9 
 Viola sororia P-Forb Native 62.9 
 Vitis riparia W-vine Native 25.7 
 Zanthoxylum americanum Shrub Native 12.9 
1 Life-forms are: A-forb, annual forbs; B-Forb, biennial forbs; P-forb, perennial forbs, P- 
  grass, perennial grasses; Rush, perennial rushes; Sedge, perennial sedges; Shrub, shrubs;   
  Tree, trees; W-vine, woody vine.
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Figure 1.  Site-level (γ) understory species richness (a) and Simpson’s diversity (b) and the 
relative proportions comprised by local (α) and among patch (β) components one year before 
and for three years after restoration treatment of Midwestern oak savanna remnants (n = 4) 
and unmanipulated control remnants (n = 4).  The restoration treatment increased γ richness 
(p < 0.05); however, the proportions of α and β richness were unaffected by treatment.  There 
was no effect of treatment on γ Simpson’s diversity (p > 0.4), nor on the proportions of α and 
β diversity.
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Figure 2.  Plot-level (α) understory Simpson’s diversity (a), species richness (b), and species 
evenness (c) one year before and for three years after restoration treatment of Midwestern 
oak savanna remnants (n = 4) and unmanipulated control remnants (n = 4).  The restoration 
treatment increased species richness (p < 0.01), produced a trend for increase in Simpson’s 
diversity (p < 0.15), and did affect species evenness (p > 0.5).  Values are mean ± 1 SE.
  
66
 
 
Figure 3.  Richness of graminoids (a), forbs (b), and woody species (c) at the site- (γ) and 
plot-levels (α) one year before and for three years after restoration treatment of Midwestern 
oak savanna remnants (n = 4) and unmanipulated control remnants (n = 4).  The restoration 
treatment increased richness of graminoids at the site- (p < 0.0001) and plot-levels (p < 0.01) 
and woody species at the plot-level (p < 0.01).  Values are mean ± 1 SE.  Note variable 
vertical axes.
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Figure 4.  Percent native species at the site- (γ) and plot-levels (α) one year before and for 
three years after restoration treatment of Midwestern oak savanna remnants (n = 4) and 
unmanipulated control remnants (n = 4).  The restoration treatment decreased the percentage 
of native species at the site- (p < 0.05) and plot-level (p < 0.05).  Values are mean ± 1 SE.
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Appendix.  Species present in ≥ 10 % of plots for each year-by-treatment.  Species 
significant in Indicator Species Analysis are indicated by * for the significant year-by-
treatment. 
Year Control % of 
plots
Treatment % of 
plots 
Pre-
thinning 
Campanula americana 16.9 Acer nigrum 11.4 
 Carex blanda 29.2 Carex blanda 30.0 
 Carex jamesii 12.3 Carex pensylvanica 42.9 
 Carex pensylvanica 36.9 Carya ovata 20.0 
 Carya cordiformis 10.8 Cornus racemosa 25.7 
 Carya ovata 16.9 Erythronium albidum 28.6 
 Cornus racemosa 10.8 Eupatorium rugosum 12.9 
 Dichanthelium 
acuminatum 
13.9 Fraxinus americana 42.9 
 Fraxinus americana 35.4 Galium aparine 17.1 
 Galium aparine 16.9 Ostrya virginiana 24.3 
 Ostrya virginiana 20.0 Parthenocissus quinquefolia 91.4 
 Parthenocissus 
quinquefolia 
87.7 Phlox divaricata 11.4 
 Phryma leptostachya 20.0 Phryma leptostachya 11.4 
 Quercus alba 12.3 Prunus serotina 21.4 
 Ribes missouriense 12.3 Ribes missouriense 11.4 
 Smilax hispida 23.1 Smilax hispida 37.1 
 Symphoricarpos 
orbiculatus 
12.3 Symphoricarpos orbiculatus 32.9 
 Thalictrum thalictroides 10.8 Toxicodendron radicans 58.6 
 Toxicodendron radicans 13.9 Ulmus americana 28.6 
 Ulmus americana 10.8 Ulmus rubra 17.1 
 Ulmus rubra 21.5 Viola sororia 21.4 
 Viola sororia 18.5 Vitis riparia 11.4 
Post-year 1     
 Acalypha rhomboidea 10.8 Agastache nepetoides 10.0 
 Campanula americana 13.9 Carex blanda 55.7 
 Carex blanda 27.7 Carex pensylvanica 48.6 
 Carex pensylvanica 30.8 Carya ovata 15.7 
 Carya ovata 12.3 Celtis occidentalis 14.3 
 Circaea lutetiana 12.3 Conyza canadensis 18.6 
 Elymus villosus 10.8 Cornus racemosa 44.3 
 Erythronium albidum 12.3 Dichanthelium acuminatum 10.0 
 Fraxinus americana 40.0 Elymus villosus 10.0 
 Galium aparine 10.8 Erythronium albidum 34.3 
 Impatiens pallida 13.9 Eupatorium rugosum 15.7 
 Osmorhiza claytoni 23.1 Fraxinus americana 50.0 
 Ostrya virginiana 15.4 Galium aparine 15.7 
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Appendix. (continued)    
Year Control % of 
plots
Treatment % of 
plots 
 Parthenocissus 
quinquefolia 
89.2 Hackelia virginiana 21.4 
 Phlox divaricata 13.9 Laportea canadensis * 14.3 
 Phryma leptostachya 16.9 Melilotus alba 27.1 
 Polygonatum biflorum 20.0 Menispermum canadense 12.9 
 Quercus alba 13.9 Osmorhiza claytoni 11.4 
 Ribes missouriense 20.0 Ostrya virginiana 20.0 
 Sanicula marilandica 21.5 Oxalis stricta 21.4 
 Smilax hispida 16.9 Parthenocissus quinquefolia 90.0 
 Solidago ulmifolia 13.9 Phlox divaricata 17.1 
 Symphoricarpos 
orbiculatus 
10.8 Phryma leptostachya 12.9 
 Thalictrum thalictroides 35.4 Poa pratensis 10.0 
 Toxicodendron radicans 21.5 Prunus serotina 30.0 
 Ulmus americana 16.9 Quercus alba 10.0 
 Ulmus rubra 24.6 Ribes missouriense 21.4 
 Viola sororia 26.2 Sanicula marilandica 28.6 
   Smilax hispida 48.6 
   Solidago ulmifolia 21.4 
   Symphoricarpos orbiculatus 35.7 
   Taraxacum officinale 12.9 
   Thalictrum thalictroides 15.7 
   Toxicodendron radicans 64.3 
   Trifolium repens 20.0 
   Ulmus americana 28.6 
   Ulmus rubra 25.7 
   Verbascum thapsus 10.0 
   Viola sororia 58.6 
   Vitis riparia 17.1 
Post-year 2     
 Acalypha rhomboidea 13.9 Acalypha rhomboidea 12.9 
 Aster cordifolius 10.8 Ambrosia artemisiifolia 24.3 
 Carex amphibola turgida 27.7 Campanula americana 17.1 
 Carex blanda 40.0 Carex amphibola turgida * 57.1 
 Carex jamesii 13.9 Carex blanda 52.9 
 Carya ovata 26.2 Carex gravida 11.4 
 Cornus racemosa 12.3 Carex jamesii * 41.4 
 Cryptotaenia canadensis 23.1 Carex pensylvanica 37.1 
 Erythronium albidum 16.9 Carya ovata 18.6 
 Eupatorium rugosum 36.9 Celtis occidentalis 22.9 
 Festuca obtusa 15.4 Conyza canadensis * 47.1 
 Fraxinus americana 38.7 Cornus racemosa 51.4 
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Appendix. (continued)   
Year Control % of 
plots
Treatment % of 
plots 
 Galium aparine 32.3 Cryptotaenia canadensis 28.6 
 Geum canadense 20.0 Dactylis glomerata 10.0 
 Hackelia virginiana 16.9 Desmodium glutinosum 12.9 
 Impatiens pallida 13.9 Dicentra cucullaria 14.3 
 Lactuca floridana 12.3 Erigeron strigosus * 55.7 
 Osmorhiza claytoni 15.4 Erythronium albidum 44.3 
 Ostrya virginiana 70.8 Eupatorium rugosum 31.4 
 Parthenocissus 
quinquefolia 
89.2 Festuca obtuse 11.4 
 Phlox divaricata 15.4 Fraxinus americana 45.7 
 Podophyllum peltatum 12.3 Galium aparine 48.6 
 Polygonatum biflorum 21.5 Geum canadense 10.0 
 Prunus serotina 16.9 Gleditsia triacanthos 10.0 
 Quercus alba 16.9 Hackelia virginiana * 51.4 
 Quercus rubra 13.9 Melilotus alba 27.1 
 Ribes missouriense 18.5 Ostrya virginiana 48.6 
 Sanicula marilandica 18.5 Oxalis stricta * 35.7 
 Smilax hispida 20.0 Parthenocissus quinquefolia 88.6 
 Solidago ulmifolia 16.9 Phlox divaricata 21.4 
 Symphoricarpos 
orbiculatus 
18.5 Poa pratensis 12.9 
 Thalictrum thalictroides 35.4 Potentilla recta 15.7 
 Ulmus americana 38.5 Potentilla simplex * 24.3 
 Ulmus rubra 16.9 Prunus serotina 30.0 
 Viola sororia 23.1 Ribes missouriense 21.4 
   Rubus occidentalis 21.4 
   Sanicula marilandica 35.7 
   Smilax hispida 32.9 
   Solidago canadensis 12.9 
   Sonchus oleraceus * 10.0 
   Symphoricarpos orbiculatus 44.3 
   Taraxacum officinale 32.9 
   Teucrium canadense 18.6 
   Thalictrum thalictroides 14.3 
   Toxicodendron radicans 65.7 
   Trifolium repens * 57.1 
   Ulmus americana 41.4 
   Ulmus rubra 11.4 
   Verbascum thapsus * 31.4 
   Verbena stricta 22.9 
   Viola sororia 60.0 
   Vitis riparia 18.6 
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Year Control % of 
plots
Treatment % of 
plots 
Post-year 3    
 Acalypha rhomboidea 18.5 Ambrosia artemisiifolia 11.4 
 Aster cordfolius 12.3 Carex amphibola turgida 22.9 
 Carex blanda 41.5 Carex blanda 65.7 
 Carex jamesii 23.1 Carex gravida * 54.3 
 Carex pensylvanica 21.5 Carex jamesii 17.1 
 Carya ovata 23.1 Carex pensylvanica 45.7 
 Erythronium albidum 13.9 Carya ovata 24.3 
 Eupatorium rugosum 38.5 Celtis occidentalis * 27.1 
 Festuca obtuse 18.5 Circaea lutetiana 12.9 
 Fraxinus americana 49.2 Cornus racemosa * 58.6 
 Galium aparine 23.1 Cryptotaenia canadensis 14.3 
 Galium triflorum 10.8 Dactylis glomerata  * 15.7 
 Geum canidensis 12.3 Dicentra cucullaria 14.3 
 Ostrya virginiana 63.1 Dichanthelium acuminatum 30.0 
 Parthenocissus 
quinquefolia 
84.6 Erygeron strigosus 24.3 
 Phlox divaricata 10.8 Erythronium albidum 47.1 
 Podophyllum peltatum 15.4 Eupatorium rugosum 40.0 
 Polygonatum biflorum 12.3 Fraxinus americana 47.1 
 Prunus serotina 12.3 Galium aparine 25.7 
 Quercus alba 15.4 Galium concinum 12.9 
 Ribes missouriense 20.0 Galium trifolium * 38.6 
 Sanicula marilandica 23.1 Geum canadense 20.0 
 Smilax hispida 24.6 Gleditsia triacanthos * 15.7 
 Solidago ulmifolia 26.2 Hackelia virginiana 24.3 
 Symphoricarpos 
orbiculatus 
16.9 Juncus tenuis * 25.7 
 Thalictrum thalictroides 29.2 Melilotus alba 10.0 
 Toxicodendron radicans 10.8 Morus rubra * 12.9 
 Ulmus americana 26.2 Ostrya virginiana 57.1 
 Ulmus rubra 12.3 Oxalis stricta 18.6 
 Viola sororia 30.8 Parthenocissus quinquefolia 88.6 
   Phlox divaricata 15.7 
   Potentilla simplex 10.0 
   Prunus serotina 30.0 
   Quercus alba 11.4 
   Quercus rubra 10.0 
   Ribes missouriense 21.4 
   Rosa multiflora 12.9 
   Rubus occidentalis * 32.9 
   Sanicula marilandica 24.3 
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Year Control % of 
plots
Treatment % of 
plots 
  Smilax hispida 37.1 
  Solidago canadensis * 34.3 
  Symphorocarpus orbiculatus * 62.9 
  Teucrium canadense 11.4 
  Thalictrum thalictroides 12.9 
  Toxicodendron radicans 70.0 
  Trifolium repens 35.7 
  Ulmus americana 35.7 
  Ulmus rubra 22.9 
  Viola sororia * 62.9 
  Vitis riparia * 25.7 
  Zanthoxylum americanum * 12.9 
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CHAPTER 4. THE REMOVAL OF WOODY ENCROACHMENT 
RESTORES BIOPHYSICAL GRADIENTS IN MIDWESTERN OAK 
SAVANNAS 
 
A paper to be submitted to the journal Ecosystems 
Lars A. Brudvig1 and Heidi Asbjornsen 
Abstract 
Savannas throughout the world are characterized by spatial gradients of resources created by 
scattered trees.  These gradients are important for maintenance of understory biodiversity; 
however, they may be disrupted by woody encroachment, resulting in alterations to 
understory vegetation.  We used a large-scale restoration experiment to characterize physical 
and vegetative understory gradients in Midwestern (USA) oak savannas degraded by woody 
encroachment and in savannas that have undergone restoration by removal of encroaching 
trees.  We established understory transects radiating from each of 40 overstory Quercus alba 
trees to inter-canopy gaps in four control and four restoration treatment sites.  Along these 
transects, we sampled understory vegetation over three field seasons and physical factors in 
the final year of study.  Restored sites had greater levels or cover of: (i) of visible sky, (ii) 
soil nitrate N, pH, and organic matter (OM), (iii) total understory vegetation, forbs, 
graminoids, and woody species, and (iv) Simpson’s diversity, species evenness, and species 
richness.  Control sites had greater cover by leaves, bare ground, and down woody material.  
Restored sites had greater soil moisture levels immediately after rain at all distances from 
trees; however, drying rates were greater and levels were similar or lower to control values 
after five days.  Restored sites had negative gradients (levels declining with distance from 
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trees) of pH, OM, cover by leaves, down woody material, and species richness and positive 
gradients of visible sky, cover by understory vegetation, forbs, graminoids, woody species, 
and species evenness.  Control sites had negative gradients of N, K, pH, and cover by down 
woody material and positive gradients of cover by understory vegetation and woody species.  
Nonmetric multidimensional scaling (NMS) showed that common understory species and 
understory species functional groups were correlated with gradients of canopy cover and soil 
moisture, which were associated with treatment plots, and gradients of soil texture and N, 
which were associated with both treatment and control plots.  Furthermore, restoration 
strengthened correlations between canopy cover NMS plots scores and distance from tree.  
This study demonstrates that restoration directly alters levels and distributions of soil and 
light resources and suggests that their patterning over fine spatial scales (hundreds m²) is 
important for structuring understory species communities. 
 
Introduction 
Temperate and tropical savannas throughout the world are characterized by scattered 
trees, which produce spatially variable resources for understory plants (Scholes and Archer 
1997, Breshears 2006).  Canopy trees intercept precipitation and solar radiation and alter soil 
biogeochemistry, resulting in modified microenvironments under trees relative to inter-
canopy gaps (Breshears 2006).  For example, under-canopy environments have lower levels 
of solar radiation and lower soil temperatures (e.g., Belsky et al. 1989, Ko and Reich 1993, 
Breshears et al. 1998), which reduces evaporation of soil moisture (Breshears et al. 1998).  
Although canopy interception reduces soil moisture levels immediately after rainfall, soil 
moisture under tree canopies is either greater or equal to levels in gaps after drying periods 
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(e.g., Belsky et al. 1989, Jackson et al. 1990, Ludwig et al. 2004).  Levels of soil nutrients 
and soil organic matter are generally greater below savanna tree canopies (e.g., Belsky et al. 
1989, Jackson et al. 1990, Ko and Reich 1993, Ludwig et al. 2004).  These differences in 
microenvironment result in different plant communities beneath savanna trees, relative to in 
inter-canopy gaps (e.g., Belsky et al. 1989, Ko and Reich 1993, Ludwig et al. 2004).  
Furthermore, the gradients of resources radiating from isolated trees to inter-canopy gaps 
result in high levels of understory plant community turnover (Belsky et al. 1989, Belsky et al. 
1993, Leach and Givnish 1999, Meisel et al. 2002) and greater site-level species diversity in 
savannas, relative to similar grassland or woodland systems (Leach and Givnish 1999). 
Over the last century, woody encroachment has occurred in savannas throughout the 
world, due to a combination of fire suppression, overgrazing, and climate change (Archer et 
al. 1988, Abrams 1992, Scholes and Archer 1997, Bustamante et al. 2006).  Such woody 
encroachment has led to increases in tree density and canopy cover in savannas (Scholes and 
Archer 1997) and has altered the levels and distribution of understory resources (Breshears 
2006).  In general, woody encroachment increases site-level nutrient pools (Hibbard et al. 
2001, McCulley et al. 2004; however, see Hughes et al. 2006) and may homogenize nutrient 
distributions, as inter-canopy gaps fill with trees (Hibbard et al. 2001).  Although these 
changes may be accompanied by alterations to understory vegetation, this has not been well 
investigated beyond forage species (Scholes and Archer 1997). 
To reverse woody encroachment, restoration by removal of encroaching woody plants 
has taken place in numerous savanna ecosystems (Scholes and Archer 1997).  Understanding 
the consequences of these efforts for the distribution of understory resources will be critical 
to successful restoration (Breshears 2006).  Since understory resources are intimately tied to 
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understory vegetation in savannas, it is also important to know how restoration impacts 
understory vegetation through changes in understory resource gradients.  In this paper, we 
use a replicated large-scale oak savanna restoration experiment to evaluate effects of tree 
removal on physical and biological gradients.  To do this, we address three main research 
questions: 1) what is the status of understory resource gradients in degraded savanna 
remnants?  2) How does restoration by removal of encroaching woody vegetation alter 
understory resource gradients?  3) How does understory vegetation respond to restoration 
along gradients and how does this compare to vegetation at degraded sites? 
 
Materials and methods 
Study system 
Midwestern oak savannas are fire-maintained ecosystems defined by a broken 
(predominantly oak) overstory and a continuous understory dominated by forbs and 
graminoids (Nuzzo 1986, Leach and Givnish 1999).  Although widespread prior to Euro-
American settlement, encompassing an estimated 10-13 M ha in central North America, 
Midwestern oak savannas now occupy < 1% of this range due to agricultural conversion or 
fire suppression that has led to woody encroachment and conversion to woodlands (Nuzzo 
1986).  To restore oak savannas to the Midwestern landscape, restoration efforts frequently 
target encroached remnants by first mechanically removing encroaching woody vegetation 
and later reestablishing an understory fire regime (Packard 1993). 
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Site description 
This study is part of a large-scale restoration experiment with Midwestern oak 
savannas in Iowa, USA (Asbjornsen et al. 2005).  In 2002, we established eight research sites 
containing Quercus alba savanna remnants along the western shore of Saylorville Lake, a 
U.S. Army Corps of Engineers reservoir (41º 76’N, 93 º 82’W).  Sites varied in size from 1.5 
– 3.3 ha and had a history of ~100 years of cattle grazing, which terminated following Army 
Corps purchase between 1965 and 1975 (Karnitz and Asbjornsen 2006).  After purchase, the 
land was unmanaged and woody species encroached the savannas over the next several 
decades (e.g., Ostrya virginiana, Fraxinus americana, Ulmus Americana; Karnitz and 
Asbjornsen 2006).  None of the sites have been plowed.  Soils are a mixture of the Hayden 
(Glossic Hapludalf; developed under oak/hickory woodland) and Lester series (Mollic 
Hapludalf; developed under oak savanna; United States Department of Agriculture 2007).  
Mean annual temperature, precipitation, and frost-free days for the city of Des Moines are 10 
ºC, 882 mm, and 133 days (National Oceanic and Atmospheric Administration 2007).   
To restore the historically sparse, oak-dominated overstory, half of the sites received 
the restoration treatment, where all encroaching trees and large shrubs (height > 1.5 m) were 
cut with chain saws and burned in off-site slash piles (Asbjornsen et al. 2005).  We 
conducted the restoration treatment at four of eight sites during the winters of 2002-03 and 
2003-04.  The treatments were only conducted during winter to minimize soil impacts; two 
years were thus needed to treat all four sites.  We retained the remaining four sites as 
untreated controls. 
  
 
  
78
Vegetation sampling 
In 2004, we randomly selected five large, open-grown Quercus alba trees (canopy 
radius > 6 m) on level uplands at each site.  For each tree, we estimated the distance from the 
bole to the canopy edge (see Brudvig and Asbjornsen 2005) and established a randomly 
oriented transect radiating from the bole to 1.5 x the distance to the canopy edge.  In 
instances where transects oriented toward another tree, we selected a different random 
direction.  Every 2 m along this transect, we established a 1 x 1 m permanently marked 
understory plot, resulting in between 5 and 6 plots/transect.  We also established a 
permanently marked 1 x 1 m “gap” plot located at 3 x the distance to the canopy edge, in the 
same random direction as the under-canopy transect.  Between July 2004 and August 2006, 
we annually sampled a total of 241 vegetation plots.  During each census, we recorded 
species and estimated cover for all understory plants (woody plants < 50 cm height and all 
herbaceous plants) originating from within the plot.  We also recorded total cover by 
vegetation, leaf litter, bare soil, and down woody material. 
 
Physical gradient sampling 
We collected hemispherical photographs at 1.5 m above each understory plot during 
cloudless early morning hours of July 2006.  We used a Coolpix 900 camera and 270° 
fisheye lens, leveled and oriented so the plane of the film faced north.  Photographs were 
analyzed with HemiView Canopy Analysis Software Version 2.1 (Delta-T Devices Ltd. 
1999) to determine the percentage of visible sky (inverse of canopy cover). 
In July 2006, we collected a soil sample for each understory plot.  Each sample was a 
composite of eight sub-samples from the area immediately surrounding each plot (one 
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subsample from each plot corner and one from the midpoint of each plot side), taken with a 
1.9 cm diameter push probe to 10 cm.  Each sample was analyzed for texture, using a 
LaMotte field texture kit, to determine the percentages of sand (particle diameter ≥ 0.10 
mm), silt (< 0.10, ≥0.0002 mm), and clay (< 0.0002 mm).  Samples were then sent to Ward 
Lab (Kearney, NE) and analyzed for pH, % organic matter (OM), and concentrations of 
nitrate N, total P, and K. 
To understand patterns of surface soil drying, we sampled soil moisture to a depth of 
10 cm at the center of each understory plot with a theta probe (Delta-T Devices Ltd.) during 
four time periods in 2006 (26 – 28 April, 15 – 19 May, 2 – 6 June, 4 – 8 July).  Sampling 
time periods were five consecutive days without rain, following a rainfall of > 0.6 cm.  The 
first sampling period was shortened to three days due to a second rain storm. 
 
Statistical analyses 
We tested for differences in levels of physical factors and vegetation between control 
and treatment sites and along gradients using split-plot analysis of variance (ANOVA; PROC 
GLM; SAS 2002).  For physical factors (sampled only in the last year of study), the 
dependent variables were treatment (restoration, control; n = 4 for each; main-plot effect, 
tested with the plot[treatment] error term) and canopy position (i.e., distance from the tree 
bole; split-plot effect, tested with the residual error term).  The independent variables were 
percent visible sky, soil N, P, K, OM, and pH, percent sand, silt, and clay.  To test for 
gradients of soil moisture, we used repeated measures split-plot ANOVA (PROC GLM; SAS 
2002) with treatment (main plot effect) and canopy position (split plot effect) as dependent 
variables, days 1 – 5 of the sampling periods as the repeated effect, and the mean soil 
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moisture (by day) recorded during the four sampling periods as the independent variable.  To 
test for differences in levels of vegetation factors (sampled in all years of study), we used 
repeated measures split-plot ANOVA (PROC GLM: SAS 2002), with treatment as the main 
effect, canopy position as split-plot effect, and year as the repeated effect.  The independent 
variables were cover by understory vegetation, leaves, bare ground, and down woody 
material, cover by three major plant functional groups (i.e., forbs, grasses, woody species), 
Simpson’s diversity, species evenness, and species richness (Magurran 2004).  We used 
independent linear contrasts to compare grand means (across all years) for treatment vs. 
control sites and treatment site values grouped by years post-restoration (one – four years) vs. 
control sites (set as zero years post-restoration). 
To further investigate physical and vegetative gradients, we used linear regression 
(PROC REG; SAS 2002).  To test for physical gradients, we regressed canopy position by 
treatment against visible sky and soil N, P, K, OM, and pH, and percent sand, silt, and clay.  
To test for vegetative gradients, we regressed canopy position by treatment against cover by 
understory vegetation, leaves, bare ground, down woody material, and plant functional 
groups, Simpson’s diversity, species evenness, and species richness (Magurran 2004).  For 
all response variables, we used mean values per site-by-canopy position. 
To determine relationships between environmental variables in treatment and control 
plots and the structure of understory plant communities, we performed three rounds of 
nonmetric multidimensional scaling (NMS) in PC-ORD (McCune and Mefford 1999).  In the 
first round, the first matrix was 2006 cover values for the 44 species occurring in ≥ 5 % of 
plots (common species).  In the second round, the first matrix was cover by functional group 
(forbs, graminoids, and woody species; arcsin transformed before analysis) for all plots in 
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2006.  In the third round, the first matrix was species richness by functional group for all 
plots in 2006.  For all three rounds of NMS, the second matrix contained the following plot-
level environmental variables: % visible sky, soil pH, OM, N, P, K, % sand, % silt, % clay, 
and minimum, maximum, and average recorded soil moisture.  For all rounds, we used 
Sørensen distances with a random starting configuration on 40 runs with real data, each with 
400 iterations, and a stability criterion of 0.00001.  For each NMS, we selected the number of 
dimensions in the final solution based on further dimensions reducing stress by < 5 (McCune 
and Grace 2002).  To determine how treatment influenced correlations between NMS plot 
scores (averaged by site) and canopy position by treatment, we used linear regression (PROC 
REG, SAS 2002). 
 
Results 
Physical gradients 
There were significant effects of treatment, canopy position, and treatment*canopy 
position on visible sky (Table 1).  Levels of visible sky were greater in treatment sites and 
treatment increased levels more at further distances from the trees (Fig. 1).  A significant 
positive correlation between canopy position and visible sky existed in treatment sites (p = 
0.0007), while there was no evidence for a correlation in control sites (p = 0.25; Fig. 1). 
Soil N was greater in treatment sites and, across treatments, levels declined with 
distance from trees; however, there was no evidence for a treatment*canopy position 
interaction (Table 1).  There was some evidence for a negative correlation between canopy 
position and N in control sites (p = 0.092), whereas there was no evidence for a correlation in 
treatment sites (p = 0.46; Fig. 1).  Soil P was greater in control sites; however, there was no 
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evidence for an effect of canopy position or treatment*canopy position (Table 1) and there 
was no evidence for a correlation with canopy position in treatment (p = 0.59) or control sites 
(p = 0.79; Fig. 1).  Across treatments, soil K declined with distance from trees; however, 
there was no evidence for an effect of treatment or treatment*canopy position (Table 1) and 
while control sites displayed a negative correlation with canopy position (p = 0.0433), there 
was no evidence for a correlation in treatment sites (p = 0.54; Fig. 1).  There was an effect of 
treatment and canopy position, but no evidence for an effect of treatment*canopy position on 
soil pH (Table 1), as soils at control sites were more acidic and levels generally decreased 
with distance from the tree.  There was a negative correlation between canopy position and 
pH in treatment sites (p = 0.0067) and a trend for a negative correlation in control sites (p = 
0.10; Fig. 1).  There was an effect of treatment and canopy position and some evidence for an 
effect of treatment*canopy position on soil OM (Table 1), with greater levels at treatment 
sites and levels decreasing with distance from the tree more at treatment sites.  Treatment 
sites had a trend for a negative correlation between canopy position and OM (p = 0.093), 
while there was no evidence for a correlation in control sites (p = 0.1969; Fig. 1).  There was 
no effect of treatment, canopy position, or treatment*canopy position on any soil texture 
components (Table 1) and no evidence for correlations between canopy position and soil 
texture in treatment or control sites (max r² = 0.06, p = 0.22; % silt at treatment sites). 
Soil moisture (Fig. 2) differed between treatment and control sites (repeated measures 
ANOVA: F1, 38 = 16.85, p < 0.0001) and varied across canopy positions at all sites (repeated 
measures ANOVA: F6, 188 = 25.18, p < 0.0001).  There was an interaction of 
treatment*canopy position, averaged across days (repeated measures ANOVA: F6, 188 = 5.78, 
p < 0.0001).  Soil moisture varied across sampling days 1 – 5, as soils dried (repeated 
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measures ANOVA: F4, 152 = 3650.44, p < 0.0001) and there were significant effects of 
day*treatment (repeated measures ANOVA, test of day*treatment: F4, 152 = 455.26, p < 
0.0001), day*canopy position (repeated measures ANOVA: F24, 152 = 78.83, p < 0.0001), and 
day*treatment*canopy position (repeated measures ANOVA: F24, 152 = 44.10, p < 0.0001).  
Immediately after rain (day 1 in the drying period), soil moisture was greatest in canopy gaps 
at both treatment and control sites and lowest in plots adjacent to tree boles, with greater 
moisture levels in treatment sites for all canopy positions (although this was less pronounced 
at positions closer to tree boles).  Soil moisture declined during drying periods more rapidly 
in treatment than control sites and by day 5 levels were lower in treatment sites for canopy 
positions 1, 5, 6, and in gap plots.  In control sites across all days, the distribution of soil 
moisture across canopy positions was mildly hump shaped, except for in gap plots, which 
always had the greatest levels.  In treatment sites, the day 1 distribution of soil moisture was 
progressively greater with canopy position (e.g., distance from tree); however, a strong hump 
shaped distribution developed by day 5. 
 
Vegetative gradients 
 Cover variables - Across all years, treatment sites had greater cover by vegetation and 
lower cover by leaves, bare ground, and down woody material, relative to control sites (Table 
2).  There was a significant treatment*year effect on all four ground cover variables (Table 
2), with greater cover by vegetation in treatment sites in all years, greater cover by leaves in 
control sites in all years, greater cover by bare ground in treatment sites in year 1 post-
restoration and in control sites in years 3 and 4, and greater cover by down woody material in 
control sites in year 3 following restoration (with some evidence for years 2 and 4; Table 3).  
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There was a significant effect of canopy position on all four cover variables and 
treatment*canopy position on cover by leaves, bare ground, and down woody material (Table 
2).  Control sites and treatment sites (in all years) had positive correlations between canopy 
position and understory vegetation and negative correlations for down woody material (Fig. 
3).  The correlation with canopy position strengthened slightly with restoration for down 
woody material (control: r² = 0.31, p = 0.0026; year 4 post-treatment: r² = 0.41, p = 0.0133) 
and dramatically for understory vegetation (control: r² = 0.18, p = 0.0325; year 4 post-
treatment: r² = 0.73, p < 0.0001).  There was no evidence for a correlation between canopy 
position and cover by leaves (r² = 0.05, p = 0.2683) or bare ground in control sites (r² = 0.01, 
p = 0.5799); whereas we found a negative correlation for leaf cover in year 4 post-restoration 
(r² = 0.50, p = 0.0045) and bare ground in years 3 and 4 post-restoration (year 3: r² = 0.26, p 
= 0.0066; year 4: r² = 0.34, p = 0.0294; Fig. 3). 
 Functional groups - Across all years, treatment sites had greater cover by forbs, 
graminoids, and woody species, relative to control sites (Table 2).  There was a significant 
treatment*year effect on all three functional groups (Table 2), with treatment sites displaying 
greater forb cover in years 2 and 3, graminoids in years 2 – 4, and woody species in all years 
post-restoration (Table 3).  There was a significant effect of canopy position on forb and 
woody species cover, with evidence for an effect on graminoid cover (Table 2).  There was 
an effect of treatment*canopy position on woody species cover and some evidence for an 
effect on graminoid species cover (Table 2).  In control sites, there was a positive correlation 
between canopy position and woody species (r² = 0.19, p = 0.0292), but no correlation for 
forb (r² = 0.001, p = 0.87) or graminoid cover (r² = 0.07, p = 0.2154; Fig. 4).  In treatment 
sites, there was a positive correlation between canopy position and forb cover in year 2 (r² = 
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0.25, p = 0.0077) with some evidence for year 4 (r² = 0.27, p = 0.0579), graminoid cover in 
years 3 (r² = 0.21, p = 0.0159) and 4 (r² = 0.57, p = 0.0018), and woody species cover in 
years 3 (r² = 0.22, p = 0.0148) and 4 (r² = 0.37, p = 0.0215), with some evidence for year 2 
following restoration (r² = 0.13, p = 0.0643; Fig. 4). 
 Diversity - Across all years, treatment sites had greater Simpson’s diversity, species 
evenness, and species richness, relative to control sites (Table 2).  There was a significant 
effect of treatment*year post-restoration on all three diversity metrics (Table 2), with greater 
Simpson’s diversity and richness in treatment sites in all years and evenness in years 1, 2, 
and 4 post-restoration (Table 3).  Across sites, Simpson’s diversity and species richness 
increased with distance from trees and we found some evidence for a treatment*canopy 
position effect on species richness (Table 2).  In control sites, there was no evidence for a 
correlation between canopy position and Simpson’s diversity (r² = 0.0007, p = 0.90), 
evenness (r² = 0.05, p = 0.3086), or species richness (r² = 0.001, p = 0.87), whereas in year 4 
following restoration, there was some evidence for a negative correlation for species 
evenness (r² = 0.27, p = 0.0556) and a positive correlation for species richness (r² = 0.27, p = 
0.0549). 
 
Nonmetric multidimensional scaling 
Common species NMS – The final three dimensional solution had a stress value of 
21.55.   In sum the three main axes accounted for 62.6% of the variation in plant species data 
and each axis produced a significantly lower stress score than chance, based on Monte Carlo 
tests with 50 runs of randomized data (Axis 1, 2, 3: p = 0.0196).  Axis 1 accounted for 18.2% 
of the variation and was positively associated with % visible sky and % sand and negatively 
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associated with N, % clay, minimum soil moisture, and average soil moisture (Table 4).  
Axis 2 accounted for 24.1% of the variation and was positively associated with % visible 
sky, N, K, maximum soil moisture, and average soil moisture (Table 4).  Axis 3 accounted 
for 20.2 % of the variation and was positively associated with % silt, minimum soil moisture, 
and average soil moisture and negatively associated with % visible sky, pH, OM, N, P, and 
% sand (Table 4).  Treatment and control plots were divided along axes 2 and 3.  Treatment 
plots were generally associated with positive values along Axis 2 and negative values along 
axis 3, while the reverse was true for control plots (Fig. 5).  Treatment and control plots were 
distributed across positive, negative, and neutral values along Axis 1 (data not presented).  
Axis 1 plot scores were not correlated with canopy position for treatment (r² = 0.013, p = 
0.5719) or control sites (r² = 0.046, p = 0.3050).  Axis 2 plot scores were significantly 
correlated with canopy position for treatment sites (r² = 0.418, p = 0.0003) and there was 
some evidence for a correlation in control sites (r² = 0.129, p = 0.0778; Fig. 6).  Axis 3 plot 
scores were not correlated with canopy position for treatment (r² = 0.007, p = 0.6726) or 
control sites (r² = 0.010, p = 0.6279).  Understory species, across all three major functional 
groups (forbs, graminoids, woody species) were generally associated with neutral to slightly 
negative or positive values along Axis 1, positive values along Axis 2, and negative values 
along Axis 3 (Fig. 5). 
Functional group cover NMS – The final two dimensional solution had a stress value 
of 15.80.  In sum the two main axes accounted for 80.9% of the variation in functional cover 
data and each axis produced a significantly lower stress score than chance, based on Monte 
Carlo tests with 50 runs of randomized data (Axis 1, 2: p = 0.0196).  Axis 1 accounted for 
10.3% of the variation and was negatively associated with N (Table 9).  Axis 2 accounted for 
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70.5% of the variation and was positively associated with % visible sky, pH, OM, N, 
maximum soil moisture, and average soil moisture and negatively associated with minimum 
soil moisture (Table 5).  Treatment plots were associated with neutral to slightly negative or 
positive values along Axis 1 and positive values along Axis 2, whereas control plots were 
widely distributed across Axis 1 and associated with negative values along Axis 2 (data not 
presented).  Axis 1 plot scores were not correlated with canopy position for treatment sites (r² 
= 0.0004, p = 0.9203); however, there was some evidence for a positive correlation in control 
sites (r² = 0.112, p = 0.1028).  Axis 2 plot scores were positively correlated with canopy 
position for treatment sites (r² = 0.522, p < 0.0001) and there was some evidence for a 
positive correlation in control sites (r² = 0.143, p = 0.0621).  All three functional groups were 
associated with neutral values along Axis 1 and positive values along Axis 2 (data not 
presented). 
Functional group richness NMS – The final two dimensional solution had a stress 
value of 13.75.  In sum the two main axes accounted for 91.4% of the variation in functional 
richness data and each axis produced a significantly lower stress score than chance, based on 
Monte Carlo tests with 50 runs of randomized data (Axis 1: p = 0.0392; Axis 2: p = 0.0196).  
Axis 1 accounted for 50.0% of the variation and was positively associated with % visible sky 
and negatively associated with minimum soil moisture (Table 5).  Axis 2 accounted for 
41.4% of the variation and was positively associated with P and minimum soil moisture and 
negatively associated with % visible sky, OM, N, maximum soil moisture, and average soil 
moisture (Table 5).  Treatment plots were generally associated with positive values along 
Axis 1 and negative values along Axis 2, whereas control plots were widely distributed 
across Axis 1 and associated with positive values along Axis 2 (data not presented).  Axis 1 
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plot scores were not correlated with canopy position for treatment (r² = 0.032, p = 0.3721) or 
control sites (r² = 0.0123, p = 0.5906).  Axis 2 plot scores were positively correlated with 
canopy position for treatment sites (r² = 0.197, p = 0.0204) and there was some evidence for 
a positive correlation in control sites (r² = 0.132, p = 0.0744).  All three functional groups 
were associated with positive values along Axis 1 and negative values along Axis 2 (data not 
presented). 
  
Discussion 
Physical gradients 
Understanding how removal of encroaching woody vegetation impacts the physical 
environment of savannas is critical to successful restoration of these ecosystems (Breshears 
2006).  We found that Midwestern oak savanna restoration increased the overall level of 
virtually every physical factor that we investigated (except P and K concentrations and soil 
texture).  In particular, the increases in visible sky and N concentrations with restoration may 
be significant, due to the importance of increasing understory light levels during Midwestern 
savanna restoration (Asbjornsen et al. 2005) and because North American temperate 
savannas are N-limited ecosystems (Bustamante et al. 2006).  Increased surface soil N 
availability has also been reported after tree removal in longleaf pine (Palik et al. 1997, 
McGuire et al. 2001, Palik et al. 2003) and lodgepole pine ecosystems (Parsons et al. 1994), 
presumably due to decreased uptake by overstory trees.  Interestingly, woody encroachment 
of grasslands and savannas can also increase levels of soil C and N (e.g., Hibbard et al. 2001, 
McCulley et al. 2004, Bustamante et al. 2006; though see McCarron et al. 2003, Hughes et al. 
2006), suggesting that the elevated N and OM levels following woody encroachment 
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removal in this study may not persist.  Future monitoring of the savanna sites in this study 
will be important for understanding the long-term impacts of woody encroachment removal 
on soil nutrient storage. 
Across treatment and control sites, numerous factors varied with canopy position 
(e.g., % visible sky, N, K, pH, OM, soil moisture), suggesting that gradients of resources 
existed.  The restoration treatment influenced spatial patterns of visible sky, spatiotemporal 
distributions of surface soil moisture.  Spatially variable understory light levels are a 
hallmark of savannas (Breshears 2006) and spatial and temporal variability in soil moisture 
levels were described by Ko and Reich (1993) for Midwestern oak savannas and pastures and 
by Breshears and colleagues (1997) for semi-arid piñon/juniper woodlands.  We further 
established the importance of restoration for producing patterns of soil moisture previously 
predicted in simulation studies (Breshears et al. 1998, Caylor et al. 2005), and observed in 
non-encroached savannas (Belsky et al. 1989, Jackson et al. 1990, Ludwig et al. 2004).  
Immediately after rainfall, restored sites had greater soil moisture levels and this was most 
pronounced in canopy gaps, which may be due to decreased canopy interception (Breshears 
et al. 1998, Caylor et al. 2005).  However, soil moisture levels decreased most rapidly in 
restored sites’ canopy gaps and restored and control site values were similar after five days.  
Potentially, this was due to higher evaporation rates resulting from increased levels of solar 
radiation in restored sites (Breshears et al. 1998, Caylor et al. 2005).  Interestingly, after five 
days of drying, a hump-shaped distribution of soil moisture developed, with levels greatest in 
intermediate distances from trees.  Anderson et al. (2001) found that spatial and temporal 
alterations to soil moisture by savanna trees limited herbaceous understory productivity, but 
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facilitated mesquite seedling survival.  Thus, our findings may have major implications for 
patterns of understory productivity and regeneration dynamics in restored savannas. 
Our regression analysis suggested that some resource gradients existed in encroached 
sites (e.g., N, K, and pH); however, woody encroachment removal reinstated or strengthened 
several resource gradients in a remarkably short period of time (e.g., % visible sky, pH, OM).  
Encroachment removal directly produced the positive gradient in visible sky by reducing 
overstory tree densities (Breshears 2006); however, causes of the soil gradients at both 
treatment and control sites are less clear.  Hibbard and colleagues (2001) demonstrated that 
within 50 – 77 years of woody encroachment, many soil properties in former savannas are 
similar to those of woodland patches.  It is unclear whether the < 40 years of encroachment 
for control sites in this study was sufficiently long to alter soil biogeochemical patterns from 
the former savanna state.  Furthermore, other studies have suggested that soil 
biogeochemistry is robust to change following up to 68 years of encroachment (McCarron et 
al. 2003, Hughes et al. 2006).  A second possible explanation is that as the savanna sites 
transitioned to woodlands following encroachment (Brudvig and Asbjornsen in press), fine-
scale gradients of soil resources developed, as sometimes found in closed canopy deciduous 
forests (e.g., van Oijen et al. 2005).  Long-term monitoring of soil gradients in the 
encroached savannas will help to elucidate the underlying mechanism.  As time-since-
encroachment increases, gradients may either weaken (if relict of former savannas) or 
strengthen (if characteristic of closed-canopy forest). 
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Vegetative gradients  
Savannas are defined, in part, by a continuous (predominantly) herbaceous understory 
(Scholes and Archer 1997), making impacts to this layer an important consideration during 
restoration.  This restoration experiment increased cover by understory plants and produced a 
strong positive gradient in cover, from tree boles to inter-canopy gaps (r² = 0.73 in year 4 
post-restoration, vs. r² = 0.18 for control sites).  All three functional groups (forbs, 
graminoids, woody species) contributed to this pattern; however graminoid response was 
most strongly correlated with canopy position (r² = 0.57 in year 4 post-restoration).  In 
general, productivity can increase under savanna trees, relative to in inter-canopy gaps, 
during nutrient or water limited conditions, while shading and/or belowground competition 
by trees reduces understory productivity when other resources are abundant (e.g., Callaway 
et al. 1991, Belsky 1994, Scholes and Archer 1997).  Using cover as a surrogate for 
productivity, our results suggest that the later was true following restoration, which is in 
accord with past finding from mesic savannas (Scholes and Archer 1997).  Conversely, in our 
control sites, only woody species contributed to the positive gradient in understory 
vegetation, suggesting that major alterations to understory structure have occurred after 
encroachment. 
While vegetation cover increased after restoration, leaf cover and bare ground 
declined with time-since-restoration (down woody material also declined following 
restoration, but not directionally with time).  Disturbance related to restoration likely 
increased bare ground 1 year following restoration; however, by years 3 and 4, levels were 
reduced in treatment sites and negative gradients of bare ground established.  As this pattern 
was inverse the understory vegetation gradient, this suggests that vegetation colonized 
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patches of bare ground following restoration, especially in plots further from trees.  Leaf 
cover also formed a negative gradient in treatment sites 4 years post-restoration.  This pattern 
is explained by post-restoration leaf litter inputs continuing immediately below oak trees, 
while plots beyond the edge of tree canopies received minimal inputs after encroaching trees 
were removed.  Although this pattern did not develop until four years after restoration, 
presumably due to relatively slow decomposition of pre-treatment leaf litter, it may have 
long-term implications for nutrient distributions in the restored savanna sites, as foliar inputs 
enrich soil nutrient levels immediately below savanna trees (Scholes and Archer 1997). 
The restoration treatment markedly increased Simpson’s diversity and its two 
components, species evenness and richness.  Using a linear transect-based sampling approach 
at the same sites, Brudvig (in prep) found that restoration promoted Simpson’s diversity and 
species richness, but not species evenness, suggesting that some diversity metrics may be 
influenced by systematic (this study) vs. nonsystematic (Brudvig in prep) plot location.  
Brudvig (in prep) also found that both proliferation of pre-existing species and establishment 
of new species contributed to increased diversity and richness following restoration, 
suggesting that these two processes may have been important in the present study.  Although 
gradients in species richness and evenness developed in our study by year 4 post-restoration, 
they were in opposite directions (positive for richness, negative for evenness), resulting in no 
gradient for Simpson’s diversity.  Species richness followed the same pattern as overall 
understory vegetation in this study, suggesting that mechanisms promoting cover (e.g., 
higher light levels) also promoted richness.  However, species evenness declined in inter-
canopy gaps, potentially due to high dominance by better resource competitors (e.g. 
dominant graminoids and woody species). 
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Relatively few studies have considered species diversity in savannas.  Past work by 
Leach and Givnish (1999) found that Midwestern oak savannas support greater species 
richness than Midwestern woodlands, a similar system to the degraded savannas in our study.  
Thus, our result that restored savannas supported greater richness than degraded savannas is 
encouraging for restoration.  Our year 4 post-restoration species richness results support 
Mlambo and colleagues (2005), who found that species richness and diversity increased with 
distance trees; however, our Simpson’s diversity results did not follow this pattern.  Species 
richness during the first three post-restoration years and Simpson’s diversity in all years 
followed the pattern reported by Ko and Reich (1993) and Weiher (2003), who found 
richness to be similar under trees and in inter-canopy gaps.  We found no support for Leach 
and Givnish (1999), who demonstrated that species richness peaked in low-to-moderately 
sunny microsites (hump-shaped distribution, with distance from tree).  However, diversity 
changed dramatically at our sites over a relatively short time following restoration and will 
likely develop further during future management.  Thus, continued monitoring will be 
important to test the effectiveness of restoration at producing patterns reported from non-
encroached remnants (e.g., Leach and Givnish 1999). 
 
Correlations between physical gradients and vegetative gradients 
Our three NMS analyses (common species, functional group cover, functional group 
richness) produced strikingly similar results.  In each analysis, the axis explaining the most 
variation (Axis 2 for each) was most strongly correlated with % visible sky and maximum 
and average soil moisture, suggesting that these axes represent gradients of canopy; as 
canopy cover decreases, visible sky directly increases, while maximum and average soil 
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moisture increase via increased throughfall levels.  In both functional group NMS’s, as 
visible sky increased, minimum soil moisture decreased, suggesting that soil drying was also 
related to canopy cover (supported by direct gradient analyses of soil moisture, above; 
Breshears et al. 1997, 1998).  Interestingly, % visible sky was also consistently positively 
correlated with N.  This lends further support to the hypothesis that N levels increased in 
treatment sites via reduced competition from overstory trees (e.g., Parsons et al. 1994, Palik 
et al. 1997, 2003).  Furthermore, in all three NMS analyses, the canopy cover axis was 
significantly correlated with canopy position in treatment sites, with evidence for correlation 
(but less variation explained) in control sites.  Across all three analyses, only Axis 1 for the 
functional group cover NMS (N gradient) was also correlated with canopy position (and only 
in control sites).  This demonstrates two things: 1) light availability was important for 
determining understory plant communities in degraded and restored oak savannas and 2) as 
axis scores aligned with direct gradients in treatment sites, savanna trees were important for 
structuring plant community composition after restoration. 
A second consistent gradient across NMS analyses was related to minimum soil 
moisture (commons species: Axis 3; functional group richness: Axis 1; for functional group 
cover, minimum soil moisture was overlaid with Axis 2, the canopy cover gradient).  Percent 
visible sky (common species and functional group richness) and % sand (common species) 
were negatively correlated with minimum soil moisture, suggesting that both solar-induced 
drying (Breshears et al. 1997, 1998) and percolation were important to this gradient.  
Treatment plots and control plots generally separated along these axes, suggesting that 
restoration had an impact on soil dryness and associated variables.  However, there was no 
correlation between canopy position and plot scores along these axes.  Although minimum 
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soil moisture appears to be important for understory composition, this was not correlated 
with canopy position.  In the common species NMS, Axis 1 was also related to moisture; 
however this appears to be mediated by a soil texture gradient.  This axis was also related to 
N, presumably due to increased leaching rates in sandier microsites.  Control and treatment 
plots were dispersed across this axis, suggesting that soil texture was not related to 
restoration (also supported by direct gradient analyses, above, which showed no impact of 
treatment on texture). 
Taken together, the NMS analyses demonstrate that canopy cover was the gradient 
most strongly correlated with understory species composition in this study.  This partly 
supports past findings from Midwestern oak savannas (Leach and Givnish 1999, Meisel et al. 
2002); however, these studies also determined soil texture to be an important gradient and we 
found only minor support for this.  Our study demonstrated that restoration had a substantial 
impact on strengthening the correlation between canopy cover and species composition.  
Since past studies have found changes in species composition along direct gradients from 
tree boles to inter-canopy gaps (e.g., Belsky et al. 1989, Weltzin and Coughenour 1990, 
Belsky et al. 1993) and between under-tree and inter-canopy gap environments (e.g., Ko and 
Reich 1993, Ludwig et al. 2004), our results provide support for the restoration efforts at 
these sites. 
 
Conclusions 
We found evidence for numerous physical and vegetative gradients in both degraded 
and restored Midwestern oak savannas, many of which were aligned along direct gradients 
from tree boles to inter-canopy gaps.  Thus, trees appear to be important to savanna 
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understory spatial structure even after decades of woody encroachment.  However, 
restoration increased the levels of many physical and vegetative factors, strengthened 
numerous gradients, and reestablished gradients of visible sky and soil moisture, which are 
characteristic of intact savannas (Breshears 2006).  A gradient of canopy cover (associated 
with visible sky and soil moisture) was most strongly correlated with understory community 
composition and with restored plots, suggesting that alterations to light and soil moisture 
might be important drivers of plant community change during restoration.  However, 
understory species were also associated with gradients of soil texture and N, which were 
associated with both treatment and control plots.  The fact that several important gradients 
were reestablished within years of restoration, after decades of degradation, demonstrates the 
resiliency of these savannas and is promising for future restoration efforts.  Since tree 
removal is used to restore encroached savannas throughout the worldwide (Scholes and 
Archer 1997), the results of this study are also promising for a common restoration 
technique. 
 
Acknowledgements 
The U.S. Army Corps of Engineers provided assistance with conducting the restoration 
treatment.  P. Alemu, A. Andrews, J. Brudvig, C. Conant, A. Demeestere, A. Rayburn, and 
D. Williams assisted with field data collection and/or lab analyses.  C. Mabry-McMullen 
aided with plant species identifications.  P. Dixon, L. Schulte, R. Schultz, and B. Wilsey 
commented on earlier drafts of this manuscript.  This work was funded by USDA Forest 
Service grants 03JV11231300012 and 03JV11231300023, an Iowa Native Plant Society 
Research Grant, the William Clark Graduate Student Award in Ecology and Evolutionary 
  
97
Biology, and the Iowa State University Department of Natural Resource Ecology and 
Management. 
 
References 
Anderson, L. J., M. S. Brumbaugh, and R. B. Jackson. 2001. Water and tree-understory 
interactions: A natural experiment in a savanna with oak wilt. Ecology 82:33-49. 
Archer, S., C. Scifres and C. R. Bassham. 1988. Autogenic succession in a subtropical  
savanna: conversion of grassland to thorn woodland. Ecological Monographs 58:111-
127. 
Asbjornsen, H., L. A. Brudvig, C. M. Mabry, C. W. Evans , and H. M. Karnitz. 2005.  
Defining reference information for restoring ecologically rare tallgrass oak savannas 
in the Midwest. Journal of Forestry 107:345-350. 
Belsky, A. J. 1994. Influence of trees on savanna productivity: Tests of shade, nutrients, and 
tree-grass competition. Ecology 75:922-932. 
Belsky, A. J., R. G. Amundson, J. M. Duxbury, S. J. Riha, A. R. Ali and S. M. Mwonga.  
1989. The effects of trees on their physical, chemical, and biological evnironments in 
a semi-arid savanna in Kenya. Journal of Applied Ecology 26:1005-1024. 
Belsky, A. J., S. M. Mwonga, R. G. Amundson, J. M. Duxbury and A. R. Ali. 1993.  
Comparative effects of isolated trees on their undercanopy environmnets in high- and 
low-rainfall savannas. Journal of Applied Ecology 30:143-155. 
Breshears, D. D., P. M. Rich, F. J. Marnes, and K. Campbell. 1997. Overstory-imposed 
heterogeneity in solar radiation and soil moisture in a semiarid woodland. Ecological 
Applications 7:1201-1215. 
  
98
Breshears, D. D., J. W. Nyhan, C. E. Heil, and B. P. Wilcox. 1998. Effects of woody plants 
on microclimate in a semiarid woodlands: soil temperature and evaporation in canopy 
and intercanopy patches. International Journal of Plant Sciences 159:1010-1017. 
Breshears, D. D. 2006. The grassland-forest continuum: trends in ecosystem properties for 
woody plant mosaics? Frontiers in Ecology and the Environment 4:96-104. 
Brudvig, L. A. In prep. Midwestern oak savanna restoration alters understory species  
diversity and composition across multiple spatial scales. 
Brudvig, L. A., and H. Asbjornsen. 2005. Oak regeneration before and after initial restoration 
efforts in a tall grass oak savanna. American Midland Naturalist 153:180-186. 
Brudvig, L. A., and H. Asbjornsen. In press. Stand structure, composition and regeneration  
dynamics following removal of encroaching woody vegetation from Midwestern oak 
savannas. Forest Ecology and Management. 
Bustamante, M. M. C., E. Medina, G. P. Asner, G. B. Nardoto, and D. C. Garcia-Montiel. 
2006. Nitrogen cycling in tropical and temperate savannas. Biogeochemistry 79:209-
237. 
Callaway, R. M., N. M. Nadkarni, and B. E. Mahall. 1991. Facilitation and interference of 
Quercus douglasii on understory productivity in central California. Ecology 72:1484-
1499. 
Caylor, K. K., H. H. Shugart, and I. Rodriguez-Iturbe. 2005. Tree canopy effects on 
simulated water stress in Southern African savannas. Ecosystems 8:17-32. 
Hibbard, K. A., S. Archer, D. S. Schimel, and D. W. Valentine. 2001. Biogeochemical 
changes accompanying woody plant encroachment in a subtropical savanna. Ecology 
82:1999-2011. 
  
99
Hughes, R. F., S. R. Archer, G. P. Asner, C. A. Wessman, C. McMurtry, J. Nelson, and J. 
Ansley. 2006. Changes in aboveground primary production and carbon and nitrogen 
pools accompanying woody plant encroachment in a temperate savanna. Global 
Change Biology 12:1733-1747. 
Huxman, T. E., B. P. Wilcox, D. D. Breshears, R. L. Scott, K. A. Snyder, E. E. Small, K. 
Hultine, W. T. Pockman, and R. B. Jackson. 2005. Ecohydrological implications of 
woody plant encroachment. Ecology 86:308-319. 
Karnitz, H. M., and H. Asbjornsen. 2006. Composition and age structure of a degraded  
tallgrass oak savanna in central Iowa, USA. Natural Areas Journal 26:179-186. 
Ko, L. J., and P. B. Reich. 1993. Oak tree effects on soil and herbaceous vegetation in 
savannas and pastures in Wisconsin. American-Midland-Naturalist 130:31-42. 
Jackson, L. E., R. B. Strauss, M. K. Firestone and J. W. Bartolome. 1990. Influence of tree  
canopies on grassland productivity and nitrogen dynamics in deciduous oak savanna. 
Agriculture, Ecosystems and Environment 32:89-105. 
Leach, M. K., and T. J. Givnish. 1999. Gradients in the compostion, structure, and diversity 
of remnant oak savannas in southern Wisconsin. Ecological Monographs 69:353-374. 
Ludwig, F., H. de Kroon, F. Berendse and H. H. T. Prins.  2004.  The influence of savanna  
trees on nutrient, water and light availability and the understory vegetation. Plant 
Ecology 170:93-105. 
Magurran, A. E. 2004. Measuring Biological Diversity. Blackwell Publishing, Malden, 
Massachusetts. 
McCarron, J. K., A. K. Knapp, and J. M. Blair. 2003. Soil C and N responses to woody plant 
expansion in a mesic grassland. Plant and Soil 257:183-192. 
  
100
McCulley, R. L., S. R. Archer, T. W. Boutton, F. M. Hons, and D. A. Zuberer. 2004. Soil 
respiration and nutrient cycling in wooded communities developing in grassland. 
Ecology 85:2804-2817. 
McCune, B., and J. B. Grace. 2002. Analysis of Ecological Communities. MjM Software 
Design, Gleneden Beach, Oregon. 
McCune, B., and M. J. Mefford. 1999. PC-ORD. Multivariate Analysis of Ecological Data. 
Version 4.34. MjM Software, Gleneden Beach, Oregon. 
McGuire, J. P., R. J. Mitchell, E. B. Moser, S. D. Pecot, D. H. Gjerstad, and C. W. Hedman. 
2001. Gaps in a gappy forest: plant resources, longleaf pine regeneration, and 
understory response to tree removal in longleaf pine savannas. Canadian Journal of 
Forest Research 31:765-778. 
Meisel, J., N. Trushenski and E. Weiher. 2002. A gradient analysis of oak savanna  
community composition in western Wisconsin. Journal of the Torrey Botanical 
Society 129:115-124. 
Mlambo, D., P. Nyathi, and I. Mapaure. 2005. Influence of Colophospermum mopane on 
surface soil properties and understorey vegetation in a southern African savanna. 
Forest Ecology and Management 212:394-404. 
National Oceanic and Atmospheric Administration. 2007. Comparative Climate Data. URL: 
www.ncdc.noaa.gov. Accessed 15 February 2007. 
Nuzzo, V. A. 1986. Extent and status of midwest oak savanna: Presettlement and 1985. 
Natural Areas Journal 6:6-36. 
Packard, S. 1993. Restoring oak ecosystems. Restoration and Management Notes 11:5-17. 
  
101
Palik, B. J., R. J. Mitchell, G. Houseal, and N. Pederson. 1997. Effects of canopy structure on 
resource availability and seedling responses in a longleaf pine ecosystem. Canadian 
Journal of Forest Research 27:1458-1464. 
Palik, B., R. J. Mitchell, S. Pecot, M. Battaglia, and M. Pu. 2003. Spatial distribution of 
overstory retention influences resources and growth of longleaf pine seedlings. 
Ecological Applications 13:674-686. 
Parsons, W. F. J., D. H. Knight, and S. L. Miller. 1994. Root gap dynamics in lodgepole pine 
forest: nitrogen transformations in gaps of different size. Ecological Applications 
4:354-362. 
SAS Institute. 2002. Version 9.00. SAS Institute, Cary, North Carolina. 
Scholes, R. J., and S. R. Archer. 1997. Tree-grass interactions in savannas. Annual Review of 
Ecology and Systematics 28:517-544. 
United States Department of Agriculture. 2007. Official Soil Series Descriptions. URL: 
http://soils.usda.gov/soils/technical/classification/osd/index.html. Accessed 15 
February 2007. 
van Oijen, D., M. Feijen, P. Hommel, J. den Ouden, and R. de Waal. 2005. Effects of tree 
species composition on within-forest distribution of understory species. Applied 
Vegetation Science 8:155-166. 
Weiher, E. 2003. Species richness along multiple gradients: testing a general multivariate 
model in oak savannas. Oikos 101:311-316. 
Weltzin, J. F., and M. B. Coughenour. 1990. Savanna tree influence on understory vegetation 
and soil nutrients in northwestern Kenya. Journal of Vegetation Science 1:325-334. 
  
102
 
Figure 1.  Results of linear regression for physical gradients along transects from tree boles 
(canopy position 1) to inter-canopy gaps in degraded (control) and restored (treatment) oak 
savannas.  Values are means per site (n = 4/treatment, control) + 1 SE.
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Figure 2.  Soil moisture in degraded and restored oak savannas during 5 day drying periods, 
along gradients from tree boles (canopy position 1) to inter-canopy gaps. 
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Figure 3.  Understory cover along transects from tree boles (canopy position 1) to inter-
canopy gaps in control (encroached) and treatment (woody encroachment removed) oak 
savannas.  Treatment values are means per site (n = 4)/year and control values are means per 
site (n = 4) averaged across years (n = 3) + 1 SE. 
  
105
 
Figure 4.  Functional group cover along transects from tree boles (canopy position 1) to inter-
canopy gaps in control (encroached) and treatment (woody encroachment removed) oak 
savannas.  Treatment values are means per site (n = 4)/year and control values are means per 
site (n = 4) averaged across years (n = 3) + 1 SE.
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Figure 5.  NMS ordination based on common understory species for plots in control 
(encroached) and treatment (woody encroachment removed) oak savannas.  Vectors are 
scaled to show strength of correlations with axes.
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Figure 6.  Results of linear regression for common understory species NMS Axis 2 plots 
scores (canopy cover gradient; averaged across sites) along transects from tree boles (canopy 
position 1) to inter-canopy gaps in degraded (control) and restored (treatment) oak savannas.
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Table 1.  Results of split-plot ANOVA (F/p) for physical variables in degraded and restored oak savannas (treatment), along 
transects from boles of trees to inter-canopy gaps (canopy position).  Physical variables are % visible sky (vissky), soil 
concentrations of nitrate N (N), phosphorus (P), potassium (K), soil pH (pH), % soil organic matter (OM), and soil % sand (sand), 
silt (silt) and clay (clay). 
 
Source of 
variation 
d.f vissky N P K pH OM sand silt clay 
Treatment 1 719.71/ 
<0.0001 
16.70/ 
<0.0001 
4.11/ 
0.044 
2.67/ 
0.10 
14.64/ 
0.0002 
18.19/ 
<0.0001 
0.01/ 
0.91 
0.56/ 
0.45 
0.60/ 
0.44 
Transect 
(treatment) 
38 6.18/ 
<0.0001 
5.35/ 
<0.0001 
13.69/ 
<0.0001 
8.34/ 
<0.0001 
7.09/ 
<0.0001 
7.85/ 
<0.0001 
3.09/ 
<0.0001 
2.60/ 
<0.0001 
1.47/ 
0.049 
Canopy 
position 
6 10.27/ 
<0.0001 
2.89/ 
0.010 
1.17/ 
0.33 
3.07/ 
0.0068 
8.22/ 
<0.0001 
11.28/ 
<0.0001 
0.10/ 
0.99 
0.27/ 
0.95 
1.24/ 
0.29 
Treatment* 
canopy 
position 
6 7.89/ 
<0.0001 
1.38/ 
0.23 
1.46/ 
0.19 
0.21/ 
0.97 
0.13/ 
0.99 
2.00/ 
0.0682 
0.49/ 
0.82 
0.51/ 
0.80 
1.66/ 
0.13 
Residual 
error 
188          
         108
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Table 2.  Results of repeated measures split-plot ANOVA (F/p) for vegetation variables in degraded and restored oak savannas, 
along transects from boles of trees to inter-canopy gaps (distance from tree), across three field seasons.   
 
Source of 
variation 
d.f Vegetation Leaves Bare 
ground 
Down 
woody 
material 
Forb 
cover 
Graminoid 
cover 
Woody 
species 
cover 
Simpson’s 
diversity 
Evenness Richness 
Treatment 1 39.69/ 
<0.0001 
503.85/ 
<0.0001 
379.34/ 
<0.0001 
4.53/ 
0.035 
13.60/ 
0.0003 
51.50/ 
<0.0001 
115.50/ 
<0.0001 
159.85/ 
<0.0001 
49.50/ 
<0.0001 
15.49/ 
0.0001 
Transect 
(treatment) 
38 3.33/ 
<0.0001 
8.68/ 
<0.0001 
6.18/ 
<0.0001 
3.57/ 
<0.0001 
2.03/ 
0.001 
5.26/ 
<0.0001 
3.42/ 
<0.0001 
4.08/ 
<0.0001 
3.80/ 
<0.0001 
5.12/ 
<0.0001 
Canopy 
position 
6 4.38/       
0.0008 
16.25/    
<0.0001 
25.53/   
<0.0001 
8.73/   
<0.0001 
282.38/    
<0.0001 
2.12/ 
0.053 
5.64/   
<0.0001 
5.91/ 
< 0.0001 
1.78/ 
0.11 
5.31/ 
< 0.0001 
Treatment*
canopy 
position 
6 0.51/        
0.80 
6.63/    
<0.0001 
13.76/   
<0.0001 
4.16/   
0.0006 
0.57/    
0.75 
1.80/ 
0.10 
3.20/    
0.0051 
1.57/       
0.16 
0.82/        
0.56 
1.80/        
0.10 
Between 
subjects 
error 
68           
Year 2 41.88/ 
<0.0001 
1.46/ 
0.23 
44.35/ 
<0.0001 
29.86/ 
<0.0001 
2.93/ 
0.055 
31.82/ 
<0.0001 
25.90/ 
<0.0001 
3.14/ 
0.044 
662.77/ 
<0.0001 
20.59/ 
<0.0001 
Year* 
treatment 
2 9.99/ 
<0.0001 
176.66/ 
<0.0001 
42.67/ 
<0.0001 
9.79/ 
<0.0001 
3.61/ 
0.028 
9.02/ 
0.0001 
69.84/ 
<0.0001 
67.68/ 
<0.0001 
26.34/ 
<0.0001 
4.47/ 
0.012 
Year* 
transect 
(treatment) 
76 1.67/ 
0.0046 
4.76/ 
<0.0001 
2.57/ 
<0.0001 
1.86/ 
<0.0001 
1.47/ 
0.011 
2.49/ 
<0.0001 
2.64/ 
<0.0001 
3.05/ 
<0.0001 
3.53/ 
<0.0001 
1.97/ 
<0.0001 
Year* 
Canopy 
position 
12 2.89/ 
0.0014 
2.25/ 
0.0094 
2.51/ 
0.0034 
2.06/ 
0.0187 
5.38/ 
<0.0001 
0.65/ 
0.80 
1.05/ 
0.40 
1.98/ 
0.025 
1.35/ 
0.19 
1.98/ 
0.025 
Year* 
treatment * 
canopy 
position 
12 1.00/ 
0.45 
2.41/ 
0.005 
4.15/ 
<0.0001 
1.54/ 
0.11 
3.29/ 
0.0001 
0.46/ 
0.94 
2.46/ 
0.0042 
1.36/ 
0.18 
0.90/ 
0.55 
1.15/ 
0.32 
Within 
subjects 
error 
136           
        109 
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Table 3.  Comparison of vegetation variables for degraded (control) and restored (treatment) 
oak savannas during a four year chronosequence of restoration.  Values are estimated 
differences (treatment/year – control [mean across all years]) ± 1 SE. 
 
 Control vs. 1 year 
post-restoration 
Control vs. 2 year 
post-restoration 
Control vs. 3 year 
post-restoration 
Control vs. 4 year 
post-restoration 
Understory 
vegetation 
 
8.98 ± 4.10 
t = 2.19, p = 0.032 
36.71 ± 3.34 
t = 10.98, p < 0.0001 
47.83 ± 3.34 
t = 14.30, p < 
0.0001 
49.03 ± 3.93 
t = 12.46, p < 0.0001 
Leaf cover 
 
 
-24.66 ± 3.62 
t = 6.82, p < 0.0001 
-31.86 ± 2.95 
t = 10.79, p < 0.0001 
-32.55 ± 2.95 
t = 11.03, p < 
0.0001 
-36.86 ± 3.47 
t = 10.61, p < 0.0001 
Bare ground 
 
 
15.84 ± 2.49 
t = 6.37, p < 0.0001 
-3.00 ± 2.03 
t = 1.48, p = 0.14 
-10.72 ± 2.03 
t = 5.28, p < 0.0001 
-10.39 ± 2.39 
t = 4.35, p < 0.0001 
Down woody 
material 
 
-0.64 ± 1.26 
t = 0.51, p = 0.61 
-1.83 ± 1.03 
t = 1.77, p = 0.081 
-4.39 ± 1.03 
t = 4.26, p < 0.0001 
-2.08 ± 1.21 
t = 1.69, p = 0.097 
Forb cover 
 
 
0.51 ± 2.31 
t = 0.22, p = 0.83 
10.28 ± 1.89 
t = 5.44, p < 0.0001 
8.78 ± 1.89 
t = 4.65, p < 0.0001 
2.61 ± 2.22 
t = 1.17, p = 0.24 
Graminoid 
cover 
 
-0.74 ± 4.49 
t = 0.30, p = 0.77 
8.81 ± 2.03 
t = 4.34, p < 0.0001 
16.01 ± 2.03 
t = 7.88, p < 0.0001 
23.41 ± 2.39 
t = 9.79, p < 0.0001 
Woody plant 
cover 
 
8.57 ± 2.76 
t = 3.10, p = 0.0028 
17.40 ± 2.26 
t = 7.72, p < 0.0001 
23.05 ± 2.26 
t = 10.22, p < 
0.0001 
22.73 ± 2.65 
t = 8.57, p < 0.0001 
Simpson’s 
diversity 
 
2.10 ± 0.48 
t = 4.34, p < 0.0001 
3.22 ± 0.40 
t = 8.14, p < 0.0001 
2.24 ± 0.40 
t = 5.67, p < 0.0001 
2.65 ± 0.46 
t = 5.70, p < 0.0001 
Species 
evenness 
 
0.097 ± 0.019 
t = 5.25, p < 0.0001 
0.069 ± 0.015 
t = 4.53, p < 0.0001 
0.011 ± 0.05 
t = 0.75, p = 0.46 
0.048 ± 0.018 
t = 2.68, p = 0.0091 
Species 
richness 
2.01 ± 0.97 
t = 2.07, p = 0.042 
5.47 ± 0.79 
t = 6.91, p < 0.0001 
6.88 ± 0.79 
t = 8.69, p < 0.0001 
5.87 ± 0.93 
t = 6.30, p < 0.0001 
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Table 4.  Pearson correlations (r) between environmental variables and nonmetric 
multidimensional scaling axes for common species in Midwestern oak savannas along 
gradients from tree boles to inter-canopy gaps (n = 241).  Significant correlations are bolded. 
 
 Axis 1 Axis 2 Axis 3 
Variable r P (1 tailed) r p r p 
% Visible sky 0.21 0.0006 0.54 <0.0001 -0.42 <0.0001 
Soil pH -0.073 0.13 0.088 0.087 -0.15 0.010 
Soil organic matter -0.078 0.11 0.058 0.19 -0.18 0.0023 
Soil nitrate N -0.18 0.0025 0.19 0.002 -0.29 <0.0001 
Soil P -0.065 0.16 -0.096 0.069 -0.31 <0.0001 
Soil K -0.10 0.059 0.11 0.043 -0.11 0.052 
Soil % Sand 0.15 0.011 -0.066 0.15 -0.23 0.0002 
Soil % Silt -0.087 0.089 0.052 0.21 0.21 0.0005 
Soil % Clay -0.16 0.008 0.043 0.25 0.073 0.13 
Min. soil moisture -0.18 0.0021 -0.054 0.20 0.32 <0.0001 
Max. soil moisture -0.11 0.050 0.43 <0.0001 0.055 0.20 
Mean soil moisture -0.14 0.016 0.39 <0.0001 0.15 0.011 
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Table 5.  Pearson correlations (r) between environmental variables and nonmetric 
multidimensional scaling axes for functional group covers and functional group richness in 
Midwestern oak savannas along gradients from tree boles to inter-canopy gaps (n = 241).  
Significant correlations are bolded. 
 
 Functional group cover NMS Functional group richness NMS 
 Axis 1 Axis 2 Axis 1 Axis 2 
Variable r p r p r p r p 
% Visible sky -0.068 0.15 0.72 <0.0001 0.42 <0.0001 -0.64 <0.0001 
Soil pH -0.067 0.15 0.15 0.011 0.087 0.090 -0.095 0.071 
Soil organic 
matter 
-0.083 0.010 0.13 0.025 0.018 0.39 -0.22 0.0003 
Soil nitrate N -0.20 0.0011 0.23 0.0002 0.11 0.050 -0.11 0.046 
Soil P -0.079 0.11 0.040 0.27 -0.090 0.082 0.15 0.0091 
Soil K -0.071 0.14 0.095 0.071 -0.021 0.37 -0.091 0.080 
Soil % Sand -0.029 0.33 0.074 0.13 0.096 0.069 -0.053 0.21 
Soil % Silt 0.044 0.25 -0.064 0.16 -0.069 0.14 0.023 0.36 
Soil % Clay -0.032 0.31 -0.035 0.29 -0.080 0.11 0.084 0.097 
Min. soil 
moisture 
-0.048 0.23 -0.22 0.0003 -0.20 0.001 0.18 0.0024 
Max. soil 
moisture 
-0.032 0.31 0.33 <0.0001 0.074 0.13 -0.29 <0.0001 
Mean soil 
moisture 
-0.046 0.24 0.25 <0.0001 0.023 0.36 -0.23 0.0002 
 
 
 
  
113
CHAPTER 5. DYNAMICS AND DETERMINANTS OF QUERCUS ALBA 
SEEDLING SUCCESS DURING MIDWESTERN OAK SAVANNA 
RESTORATION 
 
A paper to be submitted to the journal Ecological Applications 
Lars A. Brudvig1 and Heidi Asbjornsen 
Abstract 
Savannas are defined by a scattered tree layer, which is important for structuring the 
understory community.  However, woody plants have encroached savannas throughout the 
world, altering tree densities and potentially modifying regeneration dynamics.  In this study, 
we characterized savanna tree seedling success in Midwestern (USA) oak savannas that had 
been degraded by encroachment or restored by removal of encroaching woody vegetation.  
To understand impacts of restoration and influence of overstory trees, we transplanted 
Quercus alba seedlings (n = 981) along transects radiating from tree boles to inter-canopy 
gaps within a large-scale restoration experiment, with replicated encroached (control) and 
restored (treatment) sites (n = 4/type).  Seedlings were established in 2004 and monitored for 
three growing seasons.  Compared to seedlings in control sites, seedlings in restored sites had 
greater survival (> 2x), height growth (by > 50%), and basal diameter growth (by > 20%).  In 
general, seedling survival and growth parameters increased with distance from overstory 
trees.  By the final growing season (2006), the seedling survival*distance from tree 
correlation was stronger in control (r² = 0.25) than treatment sites (r² = 0.18), due to 
relatively uniform (and greater) survival at all distances from trees in treatment sites.  In 
2006, growth parameters (seedling height, diameter, ∆ height, ∆ diameter, and # leaves) were 
                                                          
1 Primary researcher and author 
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significantly (and more strongly, relative to control sites) positively correlated with distance 
from trees in treatment sites.  However, seedling herbivory was also greater after treatment 
and increased with distance from overstory trees.  To understand seedling/microenvironment 
relationships, we created logistic (survival) and linear regression models (∆ height, ∆ basal 
diameter, # leaves in 2006).  Control seedling models had consistently greater predictive 
power and included more variables, suggesting that savanna restoration may decouple 
seedlings from their microenvironments, potentially by decreasing competition for limiting 
resources.  Our study suggests that woody encroachment may be limiting regeneration of Q. 
alba in savannas; however, this may be ameliorated by removal of encroaching woody 
vegetation.  We conclude that the savannas in this study appear inherently unstable, as 
seedling recruitment is promoted in inter-canopy gaps.  Further work with prescribed fire 
and/or grazing may elucidate stable tree-herbaceous understory coexistence in Midwestern 
oak savannas. 
 
Introduction 
Savannas occupy nearly one-third of the terrestrial globe, including > 50 M ha in 
temperate regions of North America (McPherson 1997, Scholes and Archer 1997).  Although 
represented by many different species, scattered or clustered overstory trees in low densities 
are a defining feature of all savannas (Scholes and Archer 1997).  Savanna trees are 
important in structuring understory plant communities through their modification of 
understory microclimate (including understory light and soil moisture levels), soil nutrients, 
and species composition (Scholes and Archer 1997, Breshears 2006).  Through direct 
influences on microclimate and indirect effects on competing understory plants, savanna 
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overstory trees also impact patterns of tree regeneration; however, impacts vary among 
savanna ecosystems.  Due to limited water availability, savanna trees generally facilitate 
seedling survival below canopies in more xeric savanna ecosystems (e.g., Borchert et al. 
1989, Hoffmann 1996, Weltzin and McPherson 1999).  The reverse is often true in more 
mesic savannas, as asymmetric competition for light may limit seeding success, resulting in 
better seedling performance in inter-canopy gaps (e.g., Borchert et al. 1989, Rebertus and 
Burns 1997, Holmgren et al. 2000).  Recognizing effects of facilitation and competition by 
overstory trees has been critical to our understanding of savannas (Callaway and Walker 
1997, Scholes and Archer 1997) and overstory effects on recruitment may result in savanna 
overstories that range from relatively stable (e.g., Weltzin and McPherson 1999) to largely 
unstable (e.g., Archer 1990). 
Demonstrating instability, over the last century many savanna ecosystems have been 
encroached by woody species due to a combination of fire suppression, overgrazing, and 
climate change (Archer et al. 1988, Abrams 1992, Scholes and Archer 1997, Bustamante et 
al. 2006).  Encroachment has increased overstory tree density and canopy cover and has 
altered tree composition, since encroaching species are frequently different than the pre-
encroached overstory dominants (Archer 1990, Abrams 1992).  Encroachment may disrupt 
understory resource and vegetation patterns (Breshears 2006).  Presumably, patterns of 
recruitment may also differ after encroachment; however, recruitment patterns in encroached 
savannas are not well understood.  Furthermore, although removal of encroaching vegetation 
can restore at least some understory resource and vegetation dynamics (Brudvig and 
Asbjornsen in prep), it is not known how encroachment removal impacts patterns of tree 
recruitment.  Understanding recruitment implications of encroachment and removal will be 
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critical for restoring remnants.  Furthermore, a better general understanding of regeneration 
dynamics will help to address standing questions about tree-herbaceous plant coexistence in 
savannas (Sankaran et al. 2004). 
Midwestern oak savannas historically occupied 10 – 13 M ha as an ecotone between 
North American prairie grasslands to the west and deciduous forests to the east (Nuzzo 
1986).  Defined by a fire-maintained, scattered oak overstory and a continuous herbaceous 
understory, Midwestern oak savannas have largely been either converted to agriculture or 
degraded by woody encroachment (Nuzzo 1986).  Less than 1% remains intact and non-
encroached, making Midwestern oak savannas a priority for conservation and restoration 
(Nuzzo 1986).  Due to fluctuations in climate and ensuing expansion and contraction of 
North American prairies, the precise range of Midwestern oak savannas has varied in size 
and position during that last 10,000 years (Clark et al. 2001).  Thus, Midwestern oak 
savannas are interesting for studying recruitment dynamics, as they naturally exhibit range 
expansion (favorable recruitment periods) and contraction (non-favorable recruitment 
periods).  Furthermore, understanding regeneration in Midwestern oak savannas may help to 
predict fluctuations to the North American prairie/forest during future climate change (Clark 
et al. 2001). 
In this paper, we investigate seedling dynamics within a large-scale Midwestern 
(USA) oak savanna restoration experiment.  We transplanted Quercus alba seedlings into 
oak savannas that have been degraded by woody encroachment and oak savannas that have 
been restored by mechanically removing woody encroachment.  We then monitored 
seedlings for three growing seasons to address the following research questions: (1) what are 
the effects of restoration on seedling success (defined by survival and growth parameters)?  
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(2) Does success vary along gradients from overstory Q. alba tree boles to inter-canopy gaps 
and is this influenced by restoration?  (3) How does microenvironment at the level of the 
individual seedling influence seedling success and how are these relationships influenced by 
restoration? 
 
Methods 
Site description 
We conducted this study within a large-scale oak savanna restoration experiment, 
initiated in 2002 (Asbjornsen et al. 2005).  Sites (n = 8) ranged in size from 1.5 – 3.3 ha and 
were located along the western shore of Saylorville Lake, a flood control reservoir near Des 
Moines, IA, USA (41º 76’N, 93 º 82’W).  Although never plowed, these sites supported ~100 
years of cattle grazing, which ceased after they were purchased by the U.S. Army Corps of 
Engineers between 1965 and 1975 (Karnitz and Asbjornsen 2006).  Following purchase, sites 
were unmanaged and subsequently encroached by woody species over the next several 
decades (e.g., Ostrya virginiana, Fraxinus americana, Ulmus Americana; Karnitz and 
Asbjornsen 2006).  Soils were a mosaic of the Hayden (Glossic Hapludalf; developed under 
oak/hickory forest) and Lester series (Mollic Hapludalf; developed under oak savanna; 
United States Department of Agriculture 2007).  Des Moines’ annual averages are 10 ºC, 882 
mm of precipitation, and 133 frost-free days (National Oceanic and Atmospheric 
Administration 2007).     
To remove woody encroachment, two sites received the restoration treatment during 
winter 2002-03, whereby all non-Quercus woody vegetation > 1.5 m tall was cut with chain 
saws and burned in off-site slash piles.  Two additional sites received the restoration 
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treatment in winter 2003-04 and the remaining four sites were kept as unmanipulated 
controls.  Two years were necessary to conduct the restoration treatment because it took ~2 
months to treat each site and treatments were only conducted during winter, when the soil 
was frozen and disturbance was minimized. 
 
Data collection 
In early April 2004, we randomly selected 10 open-grown Quercus alba overstory 
trees from level uplands at each of the eight sites.  For each tree, we established two 
randomly oriented transects, starting at the tree bole and extending 1.5x the distance to the 
canopy edge (see Brudvig and Asbjornsen [2005] for details on canopy measurements).  
Along each transect, we transplanted one bare root-stock Q. alba seedling every 2 m, 
resulting in 5 – 6 seedlings/transect.  For each tree, we also transplanted three seedlings at 3x 
the distance to the canopy edge, oriented in an equilateral triangle with sides 2 m long 
(hereafter ‘gap seedlings’), in the same direction as one of the sampling transects.  This 
resulted in a total of 981 transplanted seedlings (hereafter, ‘full data set’).  Seedlings were 2-
0 and of central Iowa genotype, obtained from the Iowa Department of Natural Resources 
state forest nursery (Ames, IA).  For each seedling, we collected the following data in July 
2004 – 2006: basal diameter at the root collar, height (ground to tip of the highest live stem), 
number of leaves (2005 and 2006 only) and herbivory (2005 and 2006 only; recorded as the 
percentage of leaf area missing due to herbivory, estimated in quartiles). 
We collected microenvironment data for a subsampled set of transplanted seedlings 
(hereafter, ‘microenvironment seedlings data set’).  We subsampled by randomly selecting 
one seedling transect and one ‘gap seedling’ for five of the trees at each site.  We established 
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a permanently marked 1 x 1 m understory plot around each of these 241 seedlings which was 
sampled during July 2004 – 2006 for species richness and cover by understory vegetation 
(woody plants < 50 cm tall and all herbaceous vegetation regardless of height), leaves, bare 
ground, and down woody material.   
During 2006, we also sampled overstory canopy cover and soils at each of these plots.  
To quantify canopy cover, we collected hemispherical photographs at 1.5 m above each plot 
during cloudless early morning hours in July.  We used a Coolpix 900 camera and 270° 
fisheye lens, leveled and oriented with the plane of the film facing north.  We analyzed 
photographs for canopy cover with HemiView Canopy Analysis Software Version 2.1 
(Delta-T Devices Ltd. 1999).  To quantify soil properties, we collected a composite soil 
sample for each plot in July (eight subsamples/plot sample: one from each plot corner and 
one from the midpoint of each plot side).  Samples were taken to 10 cm with a 1.9 cm 
diameter push probe and analyzed for texture, using a LaMotte field texture kit, to determine 
the percentages of sand (particle diameter ≥ 0.10 mm), silt (< 0.10, ≥0.0002 mm), and clay (< 
0.0002 mm).  Samples were then analyzed by Ward Lab (Kearney, NE) for pH, organic 
matter, nitrate N, total P, and K.  We used a theta probe (Delta-T Devices Ltd.) to sample soil 
moisture within each plot during four rain-free periods (26 – 28 April, 15 – 19 May, 2 – 6 
June, 4 – 8 July), each following a rainfall > 0.6 cm.  The first sampling period was shortened 
from five to three days due to a second rain storm. 
  
Data analysis 
To test research questions 1 (effects of restoration on seedlings) and 2 (effects of 
distance from overstory trees*restoration on seedlings), we used split-plot analysis of 
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variance (ANOVA) and split-plot repeated measures ANOVA (PROC GLM, SAS 2002) 
with the ‘all seedlings’ data set.  In the split-plot ANOVA, the independent variables were 
restoration treatment (main effect; site(treatment) as error term), distance from the tree 
(hereafter canopy position, with 1 = adjacent to the bole; split-plot effect; tested with residual 
error), and the dependent variables were ∆ seedling height and ∆ seedling basal diameter.  ∆ 
seedling height and ∆ seedling basal diameter were assessed for seedlings alive in 2006, 
relative to 2004 values, and calculated as: ([2006 measurement – 2004 measurement]/2004 
measurement)*100.  In the split-plot repeated measures ANOVA, the independent variables 
were restoration treatment (main-plot effect), canopy position (split-plot effect), and year 
(repeated effect), and the dependent variables were seedling survival (% originally planted) 
and means for seedling height, basal diameter, number of leaves, and herbivory for each year 
of study.  In the case of significant treatment effects, we used a priori linear contrasts to test 
between treatment groups and treatment*canopy positions.  In addition, to test for 
directionality of seedling response along transects, we used linear regression (PROC REG, 
SAS 2002) to compare treatments along canopy positions for seedling survival, ∆ seedling 
height, and ∆ seedling basal diameter.  For both ANOVA and regression analyses, 
independent variables were means/site*canopy position. 
To test research question 3 (relationships between microenvironment, restoration, and 
seedling success), we created logistic and linear regression models using the 
microenvironment seedlings data set.  The ‘all seedlings’ and ‘microenvironment seedlings’ 
data sets did not differ for 2006 survival (t = 1.43, p = 0.1575), ∆ height (t = 0.01, p = 
0.9934), ∆ basal diameter (t = 0.08, p = 0.9377), or 2006 # leaves (t = 1.59, p = 0.1156) 
suggesting that the subsample adequately reflected the entire data set.  We evaluated models 
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separately for seedlings in control and treatment sites, to address interactions between 
treatment and microenvironment.  For seedling survival, we used backward logistic 
regression (PROC LOGISTIC, SAS 2002).  For ∆ seedling height (log transformed), ∆ 
seedling basal diameter (log transformed), and number of leaves in 2006, we used stepwise 
linear regression (PROC REG, SAS 2002).  In each regression, we fit the following plot-
level variables: covers by understory vegetation, leaves, and bare ground in 2004, 2005, and 
2006; minimum, maximum and average recorded soil moisture; % visible sky; soil pH, OM, 
N, P, K; % sand and silt; and total richness of understory species recorded in 2004, 2005, and 
2006.  We retained variables in the final models based on p < 0.1. 
 
Results 
Research questions 1 & 2: Seedling success with restoration, distance from trees 
Seedling survival was greater in treatment sites and this varied across years and 
canopy positions (Table 1, Fig. 1).  After no evidence for a difference in seedling survival in 
2004, survival was greater in treatment sites in 2005 (estimated effects size 21.6%) and 2006 
(estimated effects size 38.1%), as rates of survival dropped to 27.3% in control sites, but only 
67.8% in treatment sites by the end of the study.  There was no evidence for interactions of 
treatment*canopy position or treatment*year*canopy position on seedling survival (Table 1).  
There was no correlation between survival and canopy position in 2004 or 2005 for treatment 
or control sites (maximum r² = 0.08, p = 0.157; treatment 2004).  By 2006, however, rates of 
survival were positively correlated with distance from trees in control (r² = 0.25, p = 0.0095) 
and treatment sites (r² = 0.18, p = 0.023). 
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Averaged across years, seedling height was greater in treatment sites; however, there 
was an effect of year and treatment*year (Table 1).  Height was greater in control sites in 
2004 (estimated effects size: 1.2; t = 2.03, p = 0.0489), not different in 2005 (estimated 
effects size: 0.2; t = 0.13, p = 0.8934), and greater in treatment sites in 2006 (estimated 
effects size: 12.7; t = 8.95, p < 0.0001).  Canopy position influenced seedling height, whereas 
treatment*canopy position, year*canopy position and treatment*year*canopy position were 
not significant (Table 1).  ∆ height was greater in treatment sites (Table 2; estimated effect 
size: 53.3%; t = 7.53, p < 0.0001), with significant differences in ∆ height between 
treatments for all canopy positions except directly next to tree boles (Fig. 2a).  There was no 
evidence for an effect of canopy position or treatment*canopy position on ∆ height (Table 2).  
There was no correlation between height and canopy position in 2004 (treatment: r² = 0.004, 
p = 0.7451; control: r² = 0.08, p = 0.1779), or in 2005 for control sites (r² = 0.09, p = 0.1598).  
Seedling height was positively correlated with distance from trees in treatment sites in 2005 
(r² = 0.22, p = 0.0125) and 2006 (r² = 0.28, p = 0.0034) and in control sites in 2006 (r² = 0.18, 
p = 0.0381). 
Averaged across years, seedling basal diameter was greater in treatment sites; 
however, there was an effect of year and treatment*year (Table 1).  Basal diameter was 
greater in treatment sites in 2004 (estimated effects size: 0.40; t = 2.89, p = 0.0064) and 2006 
(estimated effects size: 1.41; t = 5.50, p < 0.0001), but there was no evidence for a difference 
in 2005 (estimated effects size: 0.51; t = 0.87, p = 0.3916).  There was no evidence for effects 
of canopy position or treatment*canopy position on seedling basal diameter.  Year*canopy 
position and treatment*year*canopy position were significant (Table 1), as basal diameter 
increased with distance from trees, especially in treatment sites (Fig. 2a).  Across years, ∆ 
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basal diameter was greater in treatment sites (Table 2; estimated effect size: 22.1%; t = 3.48, 
p = 0.0013), with significant differences between treatment and control sites for canopy 
positions 4 and 5 and in gap plots (Fig. 2b).  There was an impact of canopy position, but not 
treatment*canopy position on ∆ basal diameter (Table 2).  There was no evidence for a 
correlation between basal diameter and distance from trees in 2004 or 2005 for treatment or 
control sites (maximum r² = 0.07, p = 0.1726; treatment 2005).  By 2006, however, basal 
diameter increased with distance from trees in treatment sites (r² = 0.45, p = 0.0001), with a 
trend for a positive correlation in control sites (r² = 0.14, p = 0.0699).  
Treatment, canopy position, and their interaction influenced seedling leaf number 
(Table 1).  Seedlings in treatment sites supported more leaves that in control sites and in 
2006 the magnitude of these differences was more pronounced with increasing distance from 
trees (Fig. 3).  There were significant effects of year and year*treatment on leaf number 
(Table 1), as seedlings in treatment sites had more leaves and the magnitude of this 
difference increased with time (2005 estimated effects size: 1.86, t = 5.58, p < 0.0001; 2006 
estimated effects size: 7.00; t = 9.19, p < 0.0001; Fig. 3).   Furthermore, we found evidence 
for year*canopy position year*treatment*canopy position interactions (Table 1), as leaf 
number was greater at further distances from trees in 2006, with greater magnitudes of 
difference in treatment sites (Fig. 3).  Leaf number was positively correlated with distance 
from trees in treatment sites, with stronger evidence in 2006 (2005: r² = 0.09, p = 0.1116; 
2006: r² = 0.35, p = 0.0009).  We found the reverse in control sites, as there was evidence for 
a correlation in 2005 (r² = 0.13, p = 0.0864), but none in 2006 (r² = 0.04, p = 0.3317). 
Treatment influenced rates of seedling herbivory, as seedlings had lower levels of 
herbivory in control sites in 2006 (Table 1; estimated effects size: 0.30; t = 2.28, p = 0.0285).  
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Although there was no effect of canopy position, the treatment*canopy position interaction 
was significant (Table 1).  There was no evidence that tear, year*canopy position, or 
year*treatment*canopy position had significant effects on herbivory.  Herbivory levels were 
positively correlated with distance from trees in treatment sites (2005: r² = 0.39, p = 0.0004; 
2006: r² = 0.35, p = 0.0009), while we found no strong support for a correlation in control 
sites (2005: r² = 0.08, p = 0.1676; 2006: r² = 0.04, p = 0.3481). 
 
Research question 3 – Seedling/microenvironment relationships 
The final logistic regression models significantly predicted seedling survival, 
producing 71.8% concordance with observed values in treatment sites and 83.4% in control 
sites (Table 3).  In treatment sites, survival was positively correlated with 2006 vegetation 
cover and mean soil moisture and negatively correlated with 2005 vegetation cover (Table 3).  
In control sites, survival was positively correlated with 2006 vegetation and leaf cover and 
richness in all years (2004, 2005, 2006) and negatively correlated with % silt (Table 3). 
Linear regression models significantly predicted seedling ∆ height, ∆ basal diameter, 
and 2006 # leaves in treatment and control sites (Table 4).  More than 40% of the variance 
was explained by all three models in control sites, but predicative power was modest for 
2006 # leaves in treatment sites (r² = 0.19), and weak for ∆ height and ∆ basal diameter at 
treatment sites (r² < 0.10).  In treatment sites: ∆ height was positively associated with 2006 
richness; ∆ basal diameter was positively associated with 2006 vegetation cover and 
negatively with pH; and 2006 # leaves was positively associated with 2006 vegetation cover 
and 2005 bare ground and negatively with minimum soil moisture (Table 4, Fig. 4).  In 
control sites: ∆ height was positively associated with pH and 2006 bare ground and 
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negatively associated with 2004 bare ground; ∆ basal diameter was positively associated with 
mean soil moisture and pH and negatively with soil N and 2004 richness; and 2006 # leaves 
was positively associated with 2005 richness and negatively with 2004 richness (Table 4, 
Fig. 4). 
 
Discussion 
Research question # 1: what are the effects of restoration on seedling success?  Oak 
savanna restoration had a pronounced positive effect on Quercus alba seedling survival and 
growth parameters.  Compared to seedlings in encroached sites, seedlings in restored sites 
had > 2x greater survival and increased more in height and basal diameter (> 50% and > 
20%, respectively).  Furthermore, these patterns strengthened over time (significant 
treatment*year effect for survival, height, basal diameter, # leaves).  By the final year of 
study, seedling survival appeared to stabilize in treatment sites, but not control sites.  
Between 2005 and 2006 treatment sites had < 5% reduction in survival (72 – 68%), whereas 
control sites followed a pattern where the seedling pool was reduced by roughly half each 
year.  Differences in height, basal diameter and # leaves were most pronounced in the final 
year of study, suggesting that these discrepancies may continue to increase in future years. 
These findings support woody encroachment removal as a potential means to promote 
Q. alba regeneration in savannas.  This is dually important, given the paucity of knowledge 
about restoration of encroached savannas and the widespread decline in Q. alba, and Quercus 
sp. in general, over the last century in North America (Abrams 1992, 2003).  However, since 
savannas are defined by a broken overstory (Scholes and Archer 1997), it will be critical that 
restoration promotes proper rates of overstory regeneration, since too rapid a rate of 
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recruitment will result in encroachment, whereas too slow a rate may result in canopy tree 
loss.  At this point, it is unclear how rates of Q. alba regeneration relate to rates of overstory 
mortality.  This issue is highlighted by a recent review of California savanna-forming 
Quercus species, where concerns over population declines were called into question (Tyler et 
al. 2006).  These researchers noted that, given the long-lived nature of these species (multiple 
centuries; similar to Q. alba), only infrequent regeneration is needed to offset overstory 
mortality.  Our study represents a first assessment of how savanna restoration influences 
recruitment patterns and more work is needed to understand impacts of restoration on canopy 
tree dynamics. 
Savannas are characterized by co-occurring trees and herbaceous vegetation and 
numerous studies have attempted to understand their coexistence (Scholes and Archer 1997).  
In our study, restoration promoted Q. alba seedling growth and survival, despite concomitant 
four-fold increases in understory vegetation cover (Brudvig and Asbjornsen in press), which 
included promotion of both woody and herbaceous species (Brudvig in prep.).  Thus, it 
appears that reduced overstory competition may have been more important to seedling 
success, than increased understory competition.  In general, reducing overstory density is 
suggested for promoting Quercus sp. regeneration (Johnson et al. 2002); however, relatively 
few studies have investigated both effects of overstory and understory competitoin on tree 
seedling success.  Davis et al. (1999) determined that two Quercus sp. had greater survival in 
shaded plots and when competing herbaceous vegetation had been removed, suggesting that 
water availability was limiting in their experimental old-field system.  Savanna restoration at 
our sites had large impacts on soil moisture distributions (Brudvig and Asbjornsen in prep.) 
and we did find some evidence for soil moisture being important for seedling survival in 
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treatment sites (see below; Table 3).  Buckley et al. (1998) found that effects of overstory 
removal outweighed those of understory removal on Quercus rubra seedlings in Pinus and 
Quercus stands; however, increased resource availabilities were somewhat offset by 
disturbance created during competitor removal.  This concurs with our study to an extent, 
although we did not produce equivalent disturbances, as we transplanted seedlings after tree 
removal.   Rebertus and Burns (1997) reported that seedling survival was reduced in savanna 
inter-canopy gaps containing greater grass cover, due to increased fire intensity during 
surface burns.  Although we did not investigate seedling dynamics with fire, this could be an 
important consideration during future stages of restoration at our sites (Asbjornsen et al. 
2005). 
Research question # 2: does seedling success vary with distance from overstory Q. 
alba trees and is this influenced by restoration?  In general, Q. alba seedlings performed 
better at further distances from overstory trees (e.g. canopy positions 4 – 6, gap plots), 
regardless of treatment.  However, we found evidence from regression analyses that the 
restoration treatment interacted with distance from overstory tree to influence seedling 
success.  By the third growing season (2006), we found that seedling survival (control sites), 
height (treatment and control sites), basal diameter (treatment sites), and # leaves (treatment 
sites) increased with distance from the tree.  Survival did not correlate with distance from 
trees in treatment sites due to more uniform (and greater) values across all distances from 
trees, though survival was somewhat reduced immediately adjacent to tree boles.  Increased 
seedling performance with distance from overstory trees has been reported in other mesic 
savanna ecosystems and this is generally thought to be a function of reduced competition 
between seedlings and overstory vegetation (e.g., Borchert et al. 1989, Holmgren et al. 2000, 
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Brudvig and Asbjornsen 2005).  In control sites, gap-phase recruitment dynamics (commonly 
associated with closed-canopy forests) may be more important, whereby recruitment is rare 
and limited to larger tree-fall gaps (e.g., Cho and Boerner 1991).  If this is the case, persistent 
seedling survival will be critical until canopy disturbances permit seedling release.  This 
mechanism may not be promising for recruitment at our encroached savanna sites, as 
seedling survival was reduced below 30% after only three growing seasons. 
Interestingly, savanna restoration also increased damage by herbivory to Q. alba 
seedlings, with herbivory increasing with distance from the tree.  Potentially, this was 
influenced by seedlings leaf defense, as soil nitrate N levels increased following restoration 
(Brudvig and Asbjornsen in prep.).  N fertilization can reduce C-based leaf phenolic levels, 
which deter herbivores (Dudt and Shure 1994).  Past work with Quercus sp. has shown 
increased lepidopteron herbivory rates in seedlings below canopy trees, due to transfer of 
insects to seedlings (Humphrey and Swain 1997, Wada et al. 2000); however, results from 
our study were opposite these patterns.  Our classification system for herbivory (% of leaf 
missing) is consistent with detection of arthropod herbivory in Q. alba (e.g., Marquis and 
Whelan 1994); however, mammalian browse damage also contributed to seedling damage 
(Brudvig, personal observation) and the relative contributions of the two are unknown.  Past 
studies have found both positive and negative correlations between insect herbivory and Q. 
alba seedling performance.  Marquis and Whelan (1994) demonstrated reduced seedling 
biomass after insect defoliation, whereas Adams and Rieske (2001) found that arthropod 
feeding contributed more to herbivory levels than mammalian herbivory, but did not impact 
Quercus alba seedling growth.  Thus, although herbivory damage was influenced by 
restoration, it is unknown what effect this might have on regeneration. 
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Our study contributes to literature on savanna stability and overstory tree 
distributions.  In general, savanna systems with strong nurse-tree effects (i.e., facilitation of 
seedlings below overstory trees) are thought to be more stable than savanna systems where 
recruitment occurs in canopy gaps, as recruitment is constrained to areas previously occupied 
by overstory vegetation (Weltzin and McPherson 1999).  We found strong evidence that 
recruitment will occur away from overstory trees.  Thus, the restored Midwestern oak 
savannas in this study do not appear stable.  After investigation of the full regenerating 
community, Brudvig and Asbjornsen (in press) similarly argue that the oak savannas at these 
sites represent an alternative (encroached) stable state.  Reintroduction of prescribed fire at 
these sites (Asbjornsen et al. 2005) may help to restore stable overstory dynamics (Higgins et 
al. 2000). 
Research questions # 3: How does microenvironment influence seedling success and 
is this influenced by restoration?  Although models of survival and growth parameters were 
significant for both treatment and control site seedlings, models at control sites had 
consistently (and sometimes dramatically) greater explanatory power.  Furthermore, in all 
cases except # leaves in 2006, control seedling models contained more significant variables 
than treatment seedling models.  Potentially, resources were plentiful enough after restoration 
that seedling performance was somewhat decoupled from microenvironment.  One such 
resource is light.  Strong asymmetric competition for light exists in forested ecosystems 
(Weiner 1990) and low understory light levels can reduce Q. alba recruitment (Johnson et al. 
2002, Abrams 2003).  Interestingly, % visible sky was not a significant component of any of 
the models.  Potentially, we captured major differences in understory light levels by dividing 
the data set into control and treatment seedlings, since % visible sky increased dramatically 
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with restoration (Brudvig and Asbjornsen in prep.).  If this were the case, seedling response 
to understory light may be represented by the treatment-level differences. 
Vegetation cover in 2006 was frequently correlated with seedling performance, 
especially in treatment sites.  Past work has found that understory vegetation can either 
inhibit (Davis et al. 1999, Germaine and McPherson 1999) or facilitate (Tonioli et al. 2001) 
savanna seedlings; however, understory removal generally improves seedling performance in 
forested systems (e.g., Lorimer et al. 1994, Buckley et al. 1998).  Given that we did not 
manipulate understory cover, this correlation may simply reflect that certain microsites were 
favorable for many understory plants, including Quercus alba seedlings.  This might also 
explain a similar positive correlation between seedling survival and species richness in 
control sites. 
We found a positive correlation between mean soil moisture and seedling survival in 
treatment sites and ∆ basal diameter in control sites, which was somewhat surprising at our 
relatively mesic sites.  Numerous other studies have linked soil moisture and savanna 
seedling success; however, most of these occurred either in semi-arid regions or on sandy 
substrates (e.g., Davis et al. 1999, Tonioli et al. 2001).  We also found a negative correlation 
between minimum soil moisture and # leaves in treatment sites.  Although counterintuitive, 
we suggest that this might be tied to canopy position.  Although canopy interception reduced 
maximum soil moisture levels under trees in treatment areas, these plots also dried less 
quickly than areas further away from trees (Brudvig and Asbjornsen in prep.).  Thus, this 
pattern might result from seedlings in shadier plots (close to trees) displaying reduced leaf 
productivity, despite reduced soil moisture deficit during dry periods (Asbjornsen et al. 
2004). 
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Conclusions 
The results of this study suggest that woody encroachment my be limiting 
regeneration by the overstory dominant tree, Quercus alba.  This is especially concerning 
because Q. alba decline has been reported over the last century throughout central and 
eastern North America (Abrams 2003).  Fire suppression has been cited as a widespread 
reason for low rates of oak regeneration in North America (Abrams 1992) and this may be a 
factor in our Midwestern oak savanna sites.  However, we found evidence that restoration by 
removal of encroaching woody vegetation may promote Q. alba regeneration in Midwestern 
oak savannas, suggesting that this might be an effective fire surrogate.  Future work might 
investigate whether Q. alba seedlings will continue to grow in restored sites, in competition 
with vigorously regenerating encroaching species (Brudvig and Asbjornsen in review).  If so, 
what effects will encroachment removal have on the eventual overstory composition? 
Since seedlings performed better at further distances from ovestory trees, we suggest 
that the savannas in this study appear inherently unstable.  This is not too surprising, given 
that our sites are relatively mesic and past work has shown stronger nurse-tree effects in 
more arid savannas (Scholes and Archer 1997).  However, fire and grazing by large-bodied 
herbivores were historically important forces that shaped Midwestern North America 
(Axelrod 1985) and understory fires are important for regeneration dynamics in Midwestern 
oak savannas (Peterson and Reich 2001).  Thus, it is of interest to know how fire and grazing 
influence regeneration of varying tree species during savanna restoration.  Finally, research 
might investigate at what fire return interval tree recruitment will balance overstory 
mortality, thus producing coexistence of overstory trees and herbaceous understory 
vegetation (Sankaran et al. 2004). 
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Table 1. Results of split-plot repeated measures ANOVA comparing Quercus alba seedling 
performance in restored (treatment) and woody encroached (control) oak savannas, along 
transects from tree boles to inter-canopy gaps (canopy position), during three years of study. 
 
  Survival Height Basal 
diameter 
Leaves Herbivory 
Source of 
variation 
 
d.f. F/p F/p F/p F/p F/p 
Treatment 
 
 
1 86.02/ 
<0.0001 
34.78/ 
<0.0001 
5.76/ 
0.022 
151.19/ 
<0.0001 
6.18/ 
0.018 
Site(treatment) 
 
 
6 9.46/ 
<0.0001 
2.95/ 
0.021 
2.11/ 
0.08 
3.40/ 
0.01 
3.65/ 
0.0071 
Canopy position 
 
 
6 5.71/ 
0.0003 
3.50/ 
0.009 
1.58/ 
0.19 
5.38/ 
0.0006 
0.52/ 
0.79 
Treatment* 
canopy position 
 
6 0.72/ 
0.63 
0.73/ 
0.63 
1.07 / 
0.40 
2.58/ 
0.037 
2.49/ 
0.04 
Among subjects 
error 
32      
Year 
 
 
2 276.97/ 
<0.0001 
16.12/ 
<0.0001 
23.53/ 
< 0.0001 
13.25/ 
0.001 
0.67/ 
0.42 
Year*treatment 
 
 
2 40.73/ 
<0.0001 
62.37/ 
<0.0001 
8.26/ 
0.0006 
62.00/ 
<0.0001 
1.88/ 
0.18 
Year*site 
(treatment) 
 
12 4.56/ 
<0.0001 
2.50/ 
0.0092 
1.41/ 
0.19 
4.07/ 
0.0038 
4.08/ 
0.0038 
Year* 
canopy position 
 
12 4.47/ 
<0.0001 
1.33/ 
0.22 
2.09/ 
0.030 
2.57/ 
0.038 
1.25/ 
0.31 
Year*treatment* 
canopy position 
 
12 1.54/ 
0.13 
0.87/ 
0.58 
2.11/ 
0.029 
2.57/ 
0.038 
1.46/ 
0.22 
With subjects 
error 
64      
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Table 2. Results of split-plot ANOVA comparing changes in Quercus alba seedling height 
and basal diameter in restored (treatment) and woody encroached (control) oak savannas, 
along transects from tree boles to inter-canopy gaps (canopy position). 
 
  ∆ Height ∆ Basal diameter 
Source of variation d.f. F/p F/p 
Treatment 1 68.52/ < 0.0001 17.58/ 0.0002 
Site(treatment) 6 1.92/ 0.11 2.26/ 0.063 
Canopy position 6 2.08/ 0.083 3.23/ 0.013 
Treatment*canopy position 6 0.85/ 0.55 1.79/ 0.13 
Error 32   
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Table 3. Results of reverse logistic regression for Quercus alba seedling survival in treatment 
(restored) and control (woody encroached) oak savannas.  Treatment model χ² (Wald) = 
13.63, 3 d.f., p = 0.0035; 71.8% concordance with observed values.  Control model χ² (Wald) 
= 22.59, 6 d.f., p = 0.0009; 83.4% concordance with observed values. 
 
1 Values are means for plots with surviving/non-surviving seedlings.
 Variable Parameter 
estimate ± SE 
Wald χ²/p Live/dead1 
Treatment Intercept -2.68 ± 1.29 4.30/0.038  
 Vegetation 2005  
(% cover) 
-0.042 ± 0.015 8.02/0.0046 61.4/60.9 
 Vegetation 2006  0.051 ± 0.016 10.47/0.0012 66.9/56.8 
 Mean % soil moisture 0.14 ± 0.06 5.35/0.021 22.1/20.5 
Control Intercept -2.11 ± 1.55 1.85/0.17  
 Vegetation 2006 0.061 ± 0.025 5.90/0.015 17.4/10.0 
 Leaves 2006 0.040 ± 0.013 7.82/0.0052 66.0/58.4 
 % Silt -0.077 ± 0.025 9.88/0.0017 34.3/42.8 
 Richness 2004 0.30 ± 0.13 5.34/0.020 8.9/9.0 
 Richness 2005 0.17/0.10 2.90/0.089 10.3/9.2 
 Richness 2006 0.34/0.15 5.04/0.025 6.5/5.1 
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Table 4.  Results of stepwise linear regression for Quercus alba ∆ seedling height, ∆ seedling 
basal diameter, and 2006 # leaves in treatment (restored) and control (woody encroached) 
oak savannas. 
 
  d.f. Model F/p Model 
r² 
Factor Parameter 
estimate ± SE 
Partial r²/F/p 
∆ seedling 
height 
       
 Treatment 1/84 8.08/ 
0.0056 
0.088 Intercept 3.56 ± 0.31 F = 135.79 
p < 0.0001 
     Richness 
2006 
0.064 ± 0.022 0.088/8.08/0.005
6 
 Control 3/23 5.27/ 
0.0065 
0.41 Intercept -0.83 ± 1.95 F = 0.18 
p = 0.67 
     pH 0.75 ± 0.31 0.15/5.84/0.024 
     Bare ground 
2004 
-0.02 ± 0.0072 0.15/4.26/0.050 
     Bare ground 
2006 
0.034 ± 0.013 0.11/3.60/0.070 
∆ seedling 
diameter 
       
 Treatment 2/83 3.99/ 
0.022 
0.088 Intercept 5.90 ± 1.05 F = 31.91  
p < 0.0001 
     Veg. cover 
2006 
0.0079 ± 
0.0039 
0.045/4.06/0.047 
     pH -0.35 ± 0.16 0.043/3.79/0.055 
 Control 4/22 4.31/ 
0.010 
0.44 Intercept -1.029 ± 2.12 F = 0.24 
p = 0.63 
     Mean soil 
moisture 
0.13 ± 0.05 0.12/3.75/0.065 
     pH 0.73 ± 0.35 0.11/4.41/0.047 
     N -0.18 ± 0.051 0.11/2.96/0.098 
     Richness 
2004 
-0.083 ± 0.038 0.10/3.43/0.077 
2006 # 
Leaves 
       
 Treatment 3/82 6.57/ 
0.0005 
0.19 Intercept 13.73 ± 7.46 F = 3.39 
p = 0.069 
     Min. soil 
moisture 
-0.90 ± 0.39 0.11/9.86/0.0023 
     Veg. cover 
2006 
0.17 ± 0.056 0.057/5.68/0.019 
     Bare ground 
2005 
0.14 ± 0.081 0.031/3.18/0.078 
 Control 2/24 7.88/ 
0.0023 
0.40 Intercept 6.27 ± 2.05 F = 9.40 
p = 0.0053 
     Richness  
2004 
-0.76 ± 0.27 0.21/8.22/0.0085 
     Richness 
2005 
0.96 ± 0.24 0.19/5.85/0.023 
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Figure 1.  Oak seedling survival (% of original planted; total n = 981) by year in restoration 
(treatment) and woody encroached (control) oak savannas, along transects from tree boles 
(canopy position 1) to inter-canopy gaps.  Values are means per site (n = 4/treatment, 
control) ± 1 SE.  Significant canopy position differences between treatments denoted by * 
(independent linear contrast; p < 0.05).
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Figure 2.  Relative changes in Quercus alba seedling height (A) and basal diameter (B) 
during three growing seasons in restored (treatment) and woody encroached (control) oak 
savannas, along transects from tree boles (canopy position 1) to inter-canopy gaps.  Values 
are means per site (n = 4/treatment, control) ± 1 SE.  Significant canopy position differences 
between treatments denoted by * (independent linear contrast; p < 0.05).
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Figure 3.  Number of leaves per Quercus alba seedling in restored (treatment) and woody 
encroached (control) oak savannas, along transects from tree boles (canopy position 1) to 
inter-canopy gaps.  Values are means per site (n = 4/treatment, control) ± 1 SE.  Significant 
canopy position differences between treatments denoted by * (independent linear contrast; p 
< 0.05).
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Figure 4.  Correlations between Quercus alba seedling parameters and significant plot factors 
from stepwise linear regression models for restored (treatment) and woody encroached 
(control) oak savanna sites.  Note: only plot factors that were significant in simple linear 
regression are presented (p < 0.1). 
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CHAPTER 6. GENERAL CONCLUSIONS 
General Discussion 
In this dissertation, I used an oak savanna restoration experiment to address two 
overarching goals: (1) inform management by testing the effects of removing woody 
encroachment from savannas and (2) use these restorations as experimental large-scale 
laboratories to test ecological theories.  Replicated restoration experiments, like the one in 
this dissertation, allow for statistical testing of management protocol (Holl et al. 2003).  
Although rarely done, this is a powerful approach allowing researchers to test (potentially 
multiple) restoration options and understand the consistency of management outcomes (Holl 
et al. 2003).  In other words, experiments like this can help land managers choose among 
restoration options and also know the likelihood of a desired outcome.  Secondly, much of 
our knowledge about large- and multi-scaled processes (e.g., landscape ecology) has resulted 
from observational studies (Bell et al. 1997).  Restoration presents an opportunity to make 
landscape ecology experimental (Bell et al. 1997, Holl et al. 2003).  In each of the four 
studies in this dissertation, I attempted to both assess restoration success and test ecological 
theories about savanna management and ecology. 
In chapter two, I evaluated woody plant regeneration dynamics following 
encroachment removal from savannas.  Although encroachment removal rapidly restored a 
broken overstory structure and dominance by Quercus sp, these results may not be long-
lived.  Within only three years, advanced regeneration was dominated by encroaching 
species, suggesting that the overstory will soon be re-filled by encroachment.  In addition to 
providing an assessment of a management technique, these results contributed to alternative 
stable state theory (Beisner et al. 2003).  Specifically, the encroached savannas in this study 
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appear to represent an alternative stable state, whereby regeneration is dominated by 
encroaching species even shortly after removal.  Restoration of ecosystems that have 
transitioned to alternative stable states can be problematic.  Successful management may 
require maintenance of an unstable state by frequent disturbances and/or surpassing 
ecological thresholds or (Suding et al. 2004).  For example, my work indicates that the 
savanna state may be unstable and I suggest that frequent understory fires may represent a 
key disturbance for its maintenance.  Furthermore, sufficiently hot fires may be necessary to 
produce mortality of encroaching woody plants (Anderson et al. 2000), suggesting that fire 
temperature may represent a key threshold during the restoration process.  Initiation of the 
grass/fire cycle, a positive feedback loop where fire promotes herbaceous understory fuels 
(D’Antonio and Vitousek 1992), may be important for increasing fire temperature; however, 
little is known about this process in savannas. 
In chapter three, I assessed changes in biodiversity across space and time after woody 
encroachment removal from savannas.  The results only partly supported my hypothesis, that 
restoration would increase γ (site-level) species richness and diversity via both α (within-
sample) and β (among-sample) spatial components.  Although encroachment removal 
restored mixed-light understory conditions (important for β diversity in pristine savannas; 
Leach and Givnish 1999), this did not increase β richness or diversity in my study.  Rather, 
restoration resulted in widespread establishment of new species at the site-level (notably 
graminoids) as well as proliferation of existing species (primarily graminoids and woody 
species, with some evidence for forbs), potentially due to soil disturbances and decreased 
resource competition from overstory trees.  Partitioning species diversity into α and β spatial 
components is a helpful tool for understanding species diversity; however, studies that 
  
147
employ this method are rarely experimental (Veech 2002).  Thus, this study was a 
particularly useful demonstration of how restoration experiments can be used to conduct 
research on large- and multi-scale processes.   
In chapter four, I determined the effectiveness of woody encroachment removal at 
restoring understory resource and vegetation gradients.  Gradients of understory resources are 
characteristic of non-encroached savannas (Breshears 2006) and are important for 
maintaining distributions and levels of understory biodiversity (e.g., Leach and Givnish 
1999).  I found that encroachment removal successfully restored light and soil moisture 
gradients and that these gradients were important for structuring post-restoration plant 
communities.  The savannas in this study appear to be remarkably resilient, important 
biophysical gradients reestablished within years of restoration, even after decades of 
encroachment.  These results are encouraging for future restoration efforts at these sites and 
for restoring encroached savanna remnants, in general. 
In chapter five, I assessed survival and performance of underplanted Quercus alba 
seedlings in treatment and control savannas.  As I hypothesized, seedlings had greater 
survival and growth parameters in treatment sites and seedlings generally performed better 
with increasing distances from trees.  Unlike more xeric savanna ecosystems, where moisture 
is limiting (e.g., Weltzin and McPherson 1999), the mesic savannas in this study appear 
inherently unstable, as seedling recruitment is promoted in inter-canopy gaps.  In other 
words, there may be an intrinsic successional trend toward canopy-gap closure.  These results 
further support chapter two’s conclusion that the encroached savannas represent an 
alternative stable state.  I again suggest that the introduction of prescribed fire will be an 
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important restoration tool and may elucidate stable tree- herbaceous understory coexistence 
in Midwestern oak savannas. 
In conclusion, these studies demonstrated the promise for successful restoration 
juxtaposed with the inherent instability of Midwestern oak savannas.  This dissertation 
represented just the beginnings of a long-term restoration study and future work will be 
needed to better understand Midwestern oak savanna restoration.  In particular, frequent 
understory fires are important for maintaining open canopy structure and Quercus sp. 
dominance in other Midwestern oak savannas (e.g., Peterson and Reich 2001) and will likely 
be a key management tool at the Saylorville Lake sites.  Finally, these studies confirmed the 
promise for using ecological restorations as large-scale experiments (Holl et al. 2003).  
Future work in this vein will continue to make important experimental contributions to 
ecology (Bell et al. 1997). 
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